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Abstract

Measurements of core and valence electronic states of single crystals of the rare earth transition metal Zintl phases Yb14MnSb11
and Yb14ZnSb11 were performed using the X-ray photoelectron spectroscopy station of Beamline 7 at the Advanced Light Source.

Sample surfaces of Yb14MnSb11 and Yb14ZnSb11 were measured as received, after Ar
+ ion bombardment, and after cleaving in situ.

The single crystal structure of Yb14ZnSb11 is also reported. Both compounds are air-sensitive and show Yb3+ due to surface

oxidation. In the case of Yb14MnSb11, there is no evidence for Yb
3+ that would be intrinsic to the sample, consistent with previously

reported X-ray magnetic circular dichroism studies. Detailed analyses of the Yb14ZnSb11 surfaces reveal a significant contribution of

both Yb3+ and Yb2+ 4f states in the valence band region. This result is predicted for the Zn analog by Zintl counting rules and

support the mixed valency of Yb for Yb14ZnSb11. Further detailed analysis of the core and valence band structure of both

Yb14MnSb11 and Yb14ZnSb11 is presented.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The family of transition metal compounds with the
Ca14AlSb11 structure type [1] has shown a wide variety
of unique electronic and magnetic properties [2,3]. In
particular, the series A14MnPn11 show properties ran-
ging from paramagnetic insulators to ferromagnetic
metals, depending on the identity of A (alkaline earth or
rare earth atom) and Pn (pnicogen atom). This class of
e front matter r 2004 Elsevier Inc. All rights reserved.
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compounds consists of an isolated magnetic cluster that
can magnetically couple over large interionic distances
(�1 nm). The magnetic exchange interaction has been
attributed to a Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction between localized moments via
conduction electrons [3]. This structure type (A14MPn11)
can be prepared with most 2+ cations such as A ¼ Ca,
Sr, Ba, Eu, and Yb, with M ¼ Mn, Al, Ga, In, Nb, and
Zn, and with Pn=P, As, Sb, and Bi [1–8]. One formula
unit is composed of 14 A2+ cations, one MPn4

9�

tetrahedron, one Pn3
7� unit, and four Pn3� isolated

anions. The structure has been interpreted according to
the Zintl concept, which invokes charge balance between
(usually) closed shell structural units such as complexes
or extended covalent structures and ions. In this simple
model, the Mn is 3+, similar to group 13 metals that
also crystallize in this structure type. Both structure and

www.elsevier.com/locate/jssc


ARTICLE IN PRESS
A.P. Holm et al. / Journal of Solid State Chemistry 178 (2005) 262–269 263
magnetism measurements have been used to support this
assignment [3].
A recent report of X-ray magnetic circular dichroism

(XMCD) measurements of the compound Yb14MnSb11
has produced new information on the source of the
magnetic moment in this system, and has increased our
understanding of the magnetic interactions in this
structure type [9]. The element specific measurements
reveal a large dichroism in the L23 absorption edge of
Mn that is most consistent with Mn in a 2+ (d5)
configuration. There is no dichroism for the Yb,
consistent with the presence of Yb2+. In addition to
the large Mn dichroism, a small dichroism is observed in
the M45 absorption edge of Sb. This absorption signal is
antialigned to the Mn absorption, and indicates a small
magnetic moment lies on Sb that is antiparallel to the
Mn moment. These results seem to be inconsistent with
the value of �4 mB/formula unit previously reported
from bulk magnetization measurements of the com-
pounds that make up the A14MnPn11 structure type [3],
but a recent theoretical study of the bonding, moment
formation and magnetic interactions of the related
Ca14MnBi11 and Ba14MnBi11 systems suggests a new
model to account for the discrepancy between electron
counting and the experimental data [10]. This study
indicates that these phases are nearly half-metallic, and
that Mn is present in this structure as Mn2+. It also
predicts the presence of a polarized hole localized on the
MnPn4 tetrahedron lying parallel to the Mn moment,
and resulting in a net MnPn4 moment that is consider-
ably reduced from the ionic Mn2+ value. The experi-
mental results are consistent with this theoretical model
[9,10].
Another report of thermodynamic, transport, and X-

ray diffraction measurements of the related Zintl phase,
Yb14ZnSb11, has also reported interesting new informa-
tion related to the Yb analogs of this structure type [7].
This study compares data collected on the Mn, Al, and
Zn analogs of this series. The unit cell volume reported
from single crystal X-ray diffraction measurements of
each of these compounds shows a steady change in
volume, with the Zn analog having the smallest unit cell
volume. The magnetic susceptibility data are reported
for Yb14ZnSb11, and show complex magnetic behavior
with an effective moment of 3.870.1 mB/formula unit,
and an average Weiss temperature of �273710K. The
electrical resistivity data reported for Yb14ZnSb11
demonstrate similar behavior to that for Yb14MnSb11,
but more metallic behavior is demonstrated by the Zn
analog in addition to a much broader drop in resistivity
at �85K in comparison to the sharp drop at 52K by the
Mn analog. The data reported for the Zn analog is
explained in terms of an intermediate valence scenario
for Yb. The combination of a metallic covalency and a
contraction in the unit cell volume both support the
presence of an intermediate valence, but they are not
conclusive evidence. A comparative study of these Zintl
compounds by X-ray photoelectron spectroscopy (XPS)
sheds new light on the question of whether an
intermediate valence in Yb is present in the Zn analog,
and is responsible for the bulk properties reported.
In this paper, we present XPS characterization of the

core and valence electronic states of Yb14MSb11
(M ¼ Mn, Zn), and in addition, the crystal structure is
presented for Yb14ZnSb11.
2. Experimental

Single crystal samples of both Yb14MnSb11 and
Yb14ZnSb11 were grown by a high temperature molten
metal flux synthesis as described elsewhere [6-7,11].
Single crystal X-ray diffraction data for Yb14ZnSb11
were acquired using a SMART 1000 Bruker AXS CCD
diffractometer equipped with a CRYO COOLER low
temperature apparatus (CRYO INDUSTRIES of
America, Inc.). A dark gray crystal (1.5mm�

1.4mm� 1.6mm) of Yb14ZnSb11 was cut into a smaller
piece (0.03mm� 0.178mm� 0.142mm), and it was
mounted in the cold nitrogen gas stream (90K) of the
diffractometer. X-rays were generated at 50 kV and
40mA using a Mo target and graphite monochromator.
A total of 27,196 reflections were collected for the full
sphere using a 0.31 o-scan with a 30 s exposure.
Previously published crystallographic data of the Mn
analog, Yb14MnSb11 [12], were used as a starting model
for the refinement. This structure was refined utilizing
the SHELXTL-97 software package [13] using 2493
unique reflections and 63 parameters.
Selected samples for the XPS measurements of both

Yb14MnSb11 and Yb14ZnSb11 were characterized by
comparing lattice parameters determined by single
crystal X-ray diffraction to previously published results
(Refs. [7,12]), and also by magnetic susceptibility
measurements. XPS measurements were performed in
the UltraESCA endstation of Beamline 7.0.1. Samples
were mounted on Mo pucks in air, and introduced to the
preparation chamber (base pressure 2� 10�10 Torr).
Initial attempts to clean the sample surfaces by Ar+

sputtering over varying time periods (2–180min) pro-
vided significant improvement from the ‘‘as-received’’
samples, but the best results for sample surface
preparation were obtained by cleaving the crystal
samples in the preparation chamber using a single blade
cleaving tool, and then transferring them to the analysis
chamber (1� 10�10 Torr). A comparison of scans of the
Sb 3d/O 1s region (520–540 eV) of the ‘‘as-received’’
samples and those prepared under varying conditions
are presented in Fig. 1. No appreciable oxide contam-
ination is present after cleaving of the crystal, but a
slight contamination is observed when scanned at the O
1s energy, hn ¼ 900 eV. In addition, the oxygen peak
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Fig. 1. Comparison of scans of the Sb 3d/O 1s region (520–540 eV) of

the ‘‘as-received’’, Ar+ sputtered, and cleaved sample surfaces. All

scans were measured at hn ¼ 1250 eV except for the Yb14MnSb11 scan

measured at hn ¼ 900 eV.

Fig. 2. Wide survey photoemission spectrum of Yb14MnSb11 mea-

sured at hn ¼ 1250 eV. The inset presents scans of the ‘‘as-received’’

(dashed line) and cleaved (solid line) crystals of Yb14MnSb11 in the Sn

3d region (480–520 eV).

Table 1

Data collection parameters and crystallographic data for Yb14ZnSb11

Empirical formula Yb14ZnSb11
Crystal size (mm3) 0.03� 0.178� 0.142

Space group I41/acd

Z 8

Temperature (K) 90

Unit cell dimensions (Å) a ¼ 16:562ð3Þ
c ¼ 21:859ð2Þ

Volume (Å3) 5995.9(16)

Formula weight (g/mol) 3827.18

Reflections collected 27196

Unique reflections 2493

Parameters refined 63

Max. and min. transmissions 0.4134 and 0.0330

m MoKa (mm�1) 26.83

R1½I42sðIÞ� a 0.0438

wR2
b 0.0841

aR1 ¼ jjF0j � jF cjj=SjF0j.
bwR2 ¼ S½wðF2

0 � F 2
cÞ
2
�=S½wðF2

0Þ
2
�1=2.
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grows over time indicating that surface oxidation is
extremely rapid even under these low oxygen conditions.
Further discussion of this point is given in Section 3. In
addition, a check for Sn contamination was performed
due to the growth conditions of the samples being in a
Sn flux. The inset of Fig. 2 presents scans of the ‘‘as-
received’’ (dashed line) and cleaved (solid line) samples
in the Sn 3d region (480–520 eV). The scan of the ‘‘as-
received’’ sample indicates slight Sn contamination due
to the presence of the Sn 3d5/2 and 3d3/2 core level peaks,
but upon cleaving, all indications of Sn are removed
with no contribution from the Sn 3d states. Photoemis-
sion spectra were collected at T ¼ 93K upon cleaved
crystals and various photon energies (hn) between 80
and 200 eV for the valence band scans, and 600 and
1250 eV for the wide surveys and core state surveys. The
binding energy of the photoemission structures was
calibrated by the Fermi edge of a gold foil mounted next
to the samples on the Mo pucks and Ar+ sputtered
immediately prior to cleaving.
3. Results and discussion

The refined crystal structure data for Yb14ZnSb11 are
summarized in Tables 1–3. Yb14ZnSb11 crystallizes in
the tetragonal space group I41/acd (Z ¼ 8). Yb14ZnSb11
is isostructural to the Mn analog, Yb14MnSb11, which
consists of: 14Yb2++[MnSb4]

9� (tetrahedron)+[Sb3]
7�

(linear chain)+4[Sb]3� [6,12]. The lattice parameters for
Yb14ZnSb11 are a ¼ b ¼ 16:562ð3Þ (A and c ¼

21:859ð2Þ (A at 90K. The lattice parameters a and b are
larger in the Zn analog than in the Mn analog
(16.591(1) Å), whereas the lattice parameter c is smaller
in the Zn analog than in the Mn analog (21.919(3) Å).
The refinement of the site occupancy factor indicated
the full occupancies (within the range of their standard
deviations) in all sites except a very slight deficiency in
the Zn site. Thus, the final refinement was performed
with the fixed and full occupancies in all Yb and Sb sites
and variable Zn occupancy setting. This refinement
shows the Zn occupancy of 0.976(11). The nearest
Zn?Zn distance is 9.9216(13) Å, slightly smaller than
the Mn?Mn distance (9.9420(6) Å) in the Mn analog.
Fig. 2 shows the wide survey photoemission spectrum

of Yb14MnSb11 measured at hn ¼ 1250 eV. The core
level states for Yb, Mn, and Sb are present and well
resolved near the corresponding positions for the
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Table 2

Atomic coordinates, site occupancy, and anisotropic displacement parameters (Å2)

Site x y z SOF Ueq
a

Sb(1) 0.13556(4) 0.38556(4) 0.125 1 0.00403(18)

Sb(2) 0.00440(4) 0.10934(4) 0.81037(3) 1 0.00457(15)

Sb(3) 0.86954(4) 0.97338(4) 0.95268(3) 1 0.00497(15)

Sb(4) 0.0000 0.2500 0.1250 1 0.0048(3)

Yb(1) �0.04223(3) �0.07373(3) 0.828290(17) 1 0.00458(11)

Yb(2) �0.02164(3) 0.12496(3) 0.001630(18) 1 0.00601(11)

Yb(3) 0.35534(4) 0.0000 0.2500 1 0.00425(13)

Yb(4) 0.17998(3) 0.40937(3) 0.842610(18) 1 0.00601(11)

Zn(1) 0.0000 0.2500 0.8750 0.976(11) 0.0053(7)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.

Table 3

Selected inter-atomic distances (Å) and angles (deg)

Sb(1)–Sb(4) 3.1750(11)

Sb(1)–Yb(1)� 2 3.1750(11)

Sb(1)–Yb(2)� 2 3.2958(7)

Sb(1)–Yb(3) 3.3288(5)

Sb(1)–Yb(4) 3.1607(10)

Sb(2)–Zn� 4 2.7255(8)

Sb(2)–Yb(1) 3.1531(10)

Sb(2)–Yb(10) 3.1830(8)

Sb(2)–Yb(2) 3.6957(10)

Sb(2)–Yb(20) 3.1169(9)

Sb(2)–Yb(3) 3.2276(10)

Sb(2)–Yb(4) 3.1492(10)

Sb(2)–Yb(40) 3.3925(9)

Sb(3)–Yb(1) 3.1680(10)

Sb(3)–Yb(10) 3.1840(8)

Sb(3)–Yb(2) 3.1617(10)

Sb(3)–Yb(20) 3.2704(10)

Sb(3)–Yb(3) 3.1250(10)

Sb(3)–Yb(4) 3.1989(8)

Sb(3)–Yb(40) 3.1782(8)

Sb(3)–Yb(400) 3.6896(11)

Sb(4)–Yb(1)� 4 3.1709(7)

Sb(4)–Yb(2)� 4 3.4190(5)

Sb(2)-Zn–Sb(20) 105.584(14)

Sb(2)–Zn–Sb(200) 117.56(3)

Zn?Zn 9.9216(13)

Fig. 3. Valence band scan of Yb14MnSb11 measured at hn ¼ 120 eV.
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elements in their natural forms [14]. The Sb 3s, 3p1/2,
3p3/2, 3d3/2, 3d5/2, and 4s core levels are observed at
binding energies of 952.0, 813.0, 772.0, 543.0, 534.0, and
158.0 eV, respectively, and are within �1 eV of the
tabulated peak positions. The peak separations of the
spin–orbit split partners correspond to the tabulated
differences to within �1 eV difference. The states of Sb
4p1/2 and 4p3/2 core levels are not resolved, but peak
intensity at 108.0 eV is present corresponding to Sb 4p.
The Yb 4s, 4p1/2, 4p3/2, 4d3/2, and 4d5/2 core levels are
present at binding energies of 486.0, 395.0, 345.0, 197.0,
and 188.0 eV, respectively. The Yb peak positions are all
within �7 eV of the tabulated peak positions, and
spin–orbit split peak differences are all within 1 eV of
tabulated differences.
Fig. 3 shows the valence band scan of Yb14MnSb11
measured at hn ¼ 120 eV. The general spectral shape of
the complete region studied remained consistent over
the complete photon energy range studied
(hn ¼ 802200 eV). The core level, spin–orbit split Sb
4d3/2 and 4d5/2 states, and Yb 5p1/2 and 5p3/2 states can
be seen at 32.40, 31.30, 26.70, and 23.45 eV, respectively.
A distinct and sharp doublet structure with a width of
�3 eV dominates the Fermi edge region due mainly to
the final state multiplets, 2F5/2 and 2F7/2, from the
photoionization of a 4f electron from the filled Yb2+

shell. A broad multiplet structure is also visible between
4 and 13 eV that has been identified as the 4d–4f

resonance emission from Yb3+. The 4f intensities can be
enhanced by using a photon energy, corresponding to
the 4d binding energy (182.7 eV). Under these condi-
tions, a photoemission channel can contribute to the 4f

intensities, via a 4d–4f transition followed by an Auger-
like decay process to the +1 final state. This allows for
confirmation of the peak assignments. The enhanced
emission from oxidized Yb3+ was observed from spectra
taken at 182.7 eV by comparing to a series of spectra
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Fig. 4. Gaussian function fit to the Yb3+ 4f region of Yb14MnSb11
measured at hn ¼ 120 eV using the energy separations observed for the

final state multiplets of oxidized Yb in the 4f13 configuration. The

background was fit using a Shirley background, and the peaks were fit

using seven Gaussian peaks. The Mn assignment is supported by the

spectra shown in Fig. 5.

Fig. 5. ‘‘On resonance’’ and ‘‘Off resonance’’ scans from 0 to 70 eV

binding energy with an inset showing the Mn 2p1/2 and 2p3/2 peaks

used to identify the photon energy for the resonance scans of

Yb14MnSb11.
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(taken at 200, 180, 160, 140, 120, 100, and 80 eV)
allowed for unambiguous assignment. Fig. 4 shows a fit
to the Yb region using the energy separations observed
for the final state multiplets of oxidized Yb in the 4f13

configuration [15–17]. The presence of Yb3+ was
initially thought to indicate mixed valency of Yb, but
further detailed study of the Sb 3d/O 1s region indicates
that a small amount of residual oxide contamination
remains. The spectrum taken at hn ¼ 900 eV in Fig. 1
was measured in order to take advantage of the
enhanced ionization cross section for O 1s at this
photon energy, and indicates a small shoulder, nearly
coincident with the Sb 3d5/2, present at 536.5 eV
corresponding to residual surface oxide contamination.
It was also noted that these peaks grow over time,
supporting the hypothesis that the oxide, the Yb3+ are
closely associated with a surface oxidation process. In
addition, XMCD results show no evidence for Yb3+ in
the Yb14MnSb11 [9].
The identification of Mn core states is much more

difficult than the Yb or Sb states due to Mn occupying
less than 4% of the total structure. The low concentra-
tion of Mn results in the peak intensities being quite low,
and the spin–orbit split states not being well resolved.
Despite the low concentration of Mn, the 2p core level
can be seen in the wide survey at �648.0 eV, but in order
to accurately identify the Mn core and valence band
states, a resonant photoemission experiment was per-
formed. With the resonant photoemission experiment
(640.3 eV for Mn), an enhancement of the direct
photoemission process occurs due to a second indirect
channel opening up as the absorption threshold of a
core level is crossed [18]. For this experiment, the
indirect transition occurs by initial excitation of a 2p
electron to an unoccupied 3d level forming a bound
intermediate state (2p63d5-2p53d6), followed by auto-
ionization decay to a final state (2p53d6-2p53d5+e�)
identical to the final state of the direct photoemission
process for the ejected electron. Fig. 5 shows the ‘‘On
resonance’’ and ‘‘Off resonance’’ scans from 0 to 70 eV
binding energy with an inset showing the Mn 2p1/2 and
2p3/2 peaks used to identify the photon energy for the
resonance scans. The ‘‘On resonance’’ scan was mea-
sured with hn ¼ 640:3 eV corresponding to the Mn 2p3/2
peak position, and the ‘‘Off resonance’’ scan was
measured with hn ¼ 639:0 eV corresponding to an
energy off the absorption threshold. From Fig. 5, a
large difference between the on and off resonance scans
can be seen with an onset at 47.2 eV corresponding to
the Mn 3p core level. There is another enhanced region
from 2.7 to 8.9 eV that can be assigned to the Mn 3d and
dp hybridized states of Mn 3d and Sb 5p. This
assignment arises from comparison to density of states
calculations performed on the structural analogs
Ca14MnBi11 and Ba14MnBi11 [10]. This study indicates
that the majority d states lie in a region centered at
2.7 eV below EF, and that they hybridize with all states
above this region made up mostly of states of p

character. Accurate identification of the Mn and Sb
hybridized states in the valence edge of Yb14MnSb11
suffers from the dominance of the Yb2+ 4f multiplet,
but a resonant photoemission scan of the 4f region to
enhance the Mn states and minimize the Yb states
reveals a small contribution of Mn to the valence edge,
as shown in Fig. 6.
Fig. 7 shows the wide survey photoemission spectrum

of Yb14ZnSb11 measured at hn ¼ 1250 eV. The positions
of the core level states for Yb and Sb are present at
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Fig. 6. Resonant photoemission scan of the 4f region of Yb14MnSb11.

Fig. 7. Wide survey photoemission spectrum of Yb14ZnSb11 measured

at hn ¼ 1250 eV.

Fig. 8. Valence band scan of Yb14ZnSb11 measured at hn ¼ 120 eV.
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comparable positions to the Mn analog, and the Zn core
levels are also present at their corresponding positions.
The Sb 3s, 3p1/2, 3p3/2, 3d3/2, 3d5/2, and 4s core levels are
observed at binding energies of 948.0, 817.0, 771.0,
542.0, 532.0, and 157.0 eV, respectively, in addition to
the Sb 4p core level at 106.0 eV. Similarly, the Yb 4s,
4p1/2, 4p3/2, 4d3/2, and 4d5/2 core levels are present at
binding energies of 484.0, 394.0, 345.0, 195.0, and
187.0 eV, respectively. In contrast to Yb14MnSb11,
where the Mn core level p states are not well resolved,
the Zn spin–orbit split 2p1/2 and 2p3/2 core states are
clearly observable in the wide survey at 1049.0 and
1027.0 eV, respectively. All of these peak positions
correspond within o6 eV of the tabulated peak posi-
tions, and the peak separations of the spin–orbit split
partners correspond to the tabulated differences to
within �1 eV difference.
Fig. 8 shows the valence band scan of Yb14ZnSb11
measured at hn ¼ 120 eV. In a similar fashion to
Yb14MnSb11, the general spectral shape of the complete
region studied remained consistent over the complete
photon energy range studied (hn ¼ 802200 eV). The
core level, spin–orbit split Sb 4d3/2 and 4d5/2 states, and
Yb 5p1/2 and 5p3/2 states can be seen at 33.60, 32.60,
27.60, and 24.20 eV, respectively. A sharp doublet
structure corresponding to the Yb2+ 4f multiplet is also
present at and dominates the Fermi edge region. The
final state multiplets of 2F5/2 and 2F7/2 are slightly
broader than the Mn analog and extend over a region of
�4 eV. The broad multiplet structure from the Yb3+

4d–4f resonance enhanced emission between 4 and 13 eV
is also present, but the intensity is much greater than
that for the Mn analog and is almost equivalent in
magnitude to the Yb2+ multiplet. It is clear from a
comparison of Figs. 3 and 8 that there is significantly
more Yb3+ compared with Yb2+ or Sb states than that
observed in the Mn compound. Fig. 9 shows the
analogous fit of the Yb3+ region of Yb14ZnSb11 using
the same energy separations of the final state multiplets
of oxidized Yb3+. This figure is qualitatively the same as
Fig. 4. However, in this case, the peak that was assigned
to Mn 3d in Fig. 4 is assigned to the Sb 5s states in Fig.
9. The assignment of the Mn state in Fig. 4 was verified
with the resonant photoemission experiment shown in
Fig. 5. It is possible that the Mn 3d orbitals are strongly
hybridized with Sb and the peak ascribed to Mn in Fig.
5 is a mix of both Sb and Mn states. In the case of
Yb14ZnSb11, the small peak in the valence band cannot
be assigned to Mn 3d and is better ascribed to Sb 5s. In
any case, the presence of Yb3+ can be ascribed to both
surface oxidation, as seen in the measurements of
Yb14MnSb11, and to Yb3+ intrinsic to the compound
because of the significantly larger amount of Yb3+
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Fig. 9. Gaussian fit of the Yb3+ region of Yb14ZnSb11 measured at

hn ¼ 120 eV using the same energy separations of the final state

multiplets as used for the Yb14MnSb11 scan. The background was fit

using a Shirley background, and the peaks were fit using seven

Gaussian peaks.

Fig. 10. Comparison of the Fermi edge for Yb14MnS11, Yb14ZnSb11,

and the Au film used to reference EF.
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observed in Fig. 8 compared with Fig. 3. This result is
more consistent with the hypothesis of mixed valency
for Yb in the Zn analog, supporting the proposal made
by Fisher et al. [7].
The intermediate Yb valence was also thought to

cause the Fermi energy to cross the Yb 4f levels more so
than the Mn analog. Fig. 10 shows a comparison of the
Fermi edge for Yb14MnSb11, Yb14ZnSb11, and the Au
film used to reference EF. Both systems have a very low
density of states at EF, and even though both systems
are considered metallic conductors (more accurately
weakly metallic) [6–7,12], the slow and gradual decrease
of the valence edge density of states is more akin to
semimetallic behavior as seen in XPS measurements
of elemental As, Sb, and Bi [19–21]. Yb14ZnSb11 shows
a slightly higher Yb 4f density of states at EF indi-
cating slightly more metallic behavior, consistent with
experiment, and is in agreement with the proposal of a
shift of the Yb 4f levels across EF due to a mixed Yb
valency.
In conclusion, the measurements of core and valence

electronic states of single crystals of the rare earth
transition metal Zintl phases Yb14MnSb11 and
Yb14ZnSb11 are presented in addition to the crystal
structure of Yb14ZnSb11. The crystal structure is similar
to that reported for Yb14MnSb11 with the site occu-
pancy factors indicating full occupancies (within the
range of their standard deviations) in all sites except a
minor deviation for the Zn site. Sample surfaces of
Yb14MnSb11 and Yb14ZnSb11 were measured as re-
ceived, after Ar+ ion bombardment, and after cleaving
in situ. Detailed analysis of the clean Mn and Zn analog
sample surfaces reveal a significant contribution of
Yb2+ 4f states in the valence band region. The samples
were found to oxidize even under high vacuum
conditions. Analysis of Yb14MnSb11 indicates the
presence of Yb3+ states which are attributed to surface
oxidation. Compared to the presence of Yb2+ states, the
amount of Yb3+ is qualitatively considered to be small,
consistent with XMCD measurements. The result for
the Yb14ZnSb11 is consistent with the assignment of an
intermediate Yb valence by Zintl counting rules and
thermodynamic, and transport studies [7]. Qualitatively,
there are significantly larger amounts of Yb3+ con-
tributing to the spectrum from a comparison of Yb3+

and Yb2+ states. While there is some amount of Yb3+

that also arises from surface oxidation, the larger
amount than that seen for the Mn compound is
attributed to the intrinsic presence of Yb3+ for
Yb14ZnSb11. A slightly higher density of states at EF

for Yb14ZnSb11 compared to Yb14MnSb11 is also
observed, and is consistent with the proposal of a shift
of the Yb 4f states across EF due to an intermediate Yb
valence.
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