
 

Anomalous Metamagnetism in the Low Carrier Density Kondo Lattice YbRh3Si7

Binod K. Rai,1 S. Chikara,2 Xiaxin Ding,2 IainW. H. Oswald,3 R. Schönemann,4 V. Loganathan,1 A. M. Hallas,1 H. B. Cao,5

Macy Stavinoha,6 T. Chen,1 Haoran Man,1 Scott Carr,1 John Singleton,2 Vivien Zapf,2 Katherine A. Benavides,3

Julia Y. Chan,3 Q. R. Zhang,4 D. Rhodes,4 Y. C. Chiu,4 Luis Balicas,4 A. A. Aczel,5 Q. Huang,7 Jeffrey W. Lynn,7

J. Gaudet,8 D. A. Sokolov,9 H. C. Walker,10 D. T. Adroja,10 Pengcheng Dai,1 Andriy H. Nevidomskyy,1

C.-L. Huang,1,* and E. Morosan1
1Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA

2National High Magnetic Field Laboratory, Materials Physics and Applications Division, Los Alamos
National Laboratory, Los Alamos, New Mexico 87545, USA

3Department of Chemistry and Biochemistry, University of Texas at Dallas, Richardson, Texas 75080, USA
4National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, USA

5Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
6Department of Chemistry, Rice University, Houston, Texas 77005, USA

7NIST Center for Neutron Research, National Institute of Standards and Technology,
Gaithersburg, Maryland 20899, USA

8Department of Physics and Astronomy, McMaster University, Hamilton, Ontario L8S 4M1, Canada
9Max Planck Institute for Chemical Physics of Solids, Dresden, 01187 Germany

10ISIS Facility, Rutherford Appleton Laboratory, Harwell Campus, Didcot, OX11 0QX, United Kingdom

(Received 10 March 2018; revised manuscript received 26 September 2018; published 13 December 2018)

We report complex metamagnetic transitions in single crystals of the new low carrier Kondo anti-
ferromagnet YbRh3Si7. Electrical transport, magnetization, and specific heat measurements reveal anti-
ferromagnetic order atTN ¼ 7.5 K.Neutron diffractionmeasurements show that themagnetic ground state of
YbRh3Si7 is a collinear antiferromagnet, where themoments are aligned in theab plane.With such an ordered
state, no metamagnetic transitions are expected when a magnetic field is applied along the
c axis. It is therefore surprising that high-field magnetization, torque, and resistivity measurements with
Hkc reveal two metamagnetic transitions at μ0H1 ¼ 6.7 T and μ0H2 ¼ 21 T. When the field is tilted away
from the c axis, towards the ab plane, both metamagnetic transitions are shifted to higher fields. The first
metamagnetic transition leads to an abrupt increase in the electrical resistivity, while the second transition is
accompanied by a dramatic reduction in the electrical resistivity. Thus, the magnetic and electronic degrees of
freedom in YbRh3Si7 are strongly coupled. We discuss the origin of the anomalous metamagnetism and
conclude that it is related to competition between crystal electric-field anisotropy and anisotropic exchange
interactions.

DOI: 10.1103/PhysRevX.8.041047 Subject Areas: Condensed Matter Physics, Magnetism,
Strongly Correlated Materials

I. INTRODUCTION

Materials containing partially filled f orbitals are of
great interest to the strongly correlated electron system
community because of their quantum complexity. This is
driven by several competing parameters that include Kondo
coupling (which favors a nonmagnetic ground state with
enhanced effective mass), Rudermann-Kittel-Kasuya-Yosida
interactions (RKKY,which favor long-rangemagnetic order),

and crystal electric-field (CEF) effects (which lift the degen-
eracy of the Hund’s rule ground-state multiplet). Among
f-electron systems, the ground states of many Ce-, Yb-, and
U-based compounds are highly susceptible to tuning by
nonthermal control parameters, such as pressure, chemical
substitution, or magnetic field [1]. This often results in
emergent phenomena, with unconventional superconductiv-
ity [2–4], non-Fermi liquid behavior near a quantum critical
point [3,5–9], hidden order [4], and metamagnetism being
just a few prominent examples [10–18]. In several materials,
metamagnetism has been linked with magnetic quantum
criticality [16,19], although the origin is unclear.
Here, we report the discovery of metamagnetism in

single crystals of the Kondo lattice YbRh3Si7. YbRh3Si7 is
the first compound displaying either Kondo correlations or
metamagnetism in the ScRh3Si7 (1-3-7) family [20,21], for
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which the only known rare earth-based systems are non-
magnetic RAu3Al7 (R ¼ Ce-Sm, Gd-Lu) [22], magnetic
EuðRh; IrÞ3Ge7 [23], and YbAu3Ga7 with unknown physi-
cal properties [24]. In YbRh3Si7, the Kondo effect is clearly
indicated by Kondo latticelike resistivity, reduced magnetic
entropy released at an antiferromagnetically ordered tem-
perature TN, and density functional theory (DFT) calcu-
lations. Anisotropic magnetic susceptibility and specific
heat measurements reveal long-range magnetic order below
TN ¼ 7.5 K. Neutron diffraction measurements confirm
that the zero field ordered state is antiferromagnetic (AFM),
with the moments lying in the ab plane.
We present high-field magnetization, torque, and resis-

tivity up to 35 T. Around 2 K, these measurements reveal
two field-induced metamagnetic (MM) transitions at
μ0H1 ¼ 6.7 T and μ0H2 ¼ 21 T along the c axis. Angle-
dependent magnetoresistivity shows that both H1 and H2

increase monotonically when the crystal is rotated away
from the c axis towards the ab plane. When H⊥ c, only
one MM transition is found, up to the maximal field, at
μ0H1 ¼ 10 T. This behavior is starkly different from what
has been observed in other 4f- and 5f-based MM materi-
als; MM transitions are rarely observed for a field orthogo-
nal to the moments and, if present, typically occur at higher
fields than those for the field parallel to the moments
[10–18,25–37]. Given that the easy axis, determined by the
CEF anisotropy, is along the c axis, while the ordered
moment is lying in the ab plane, the anomalous metamag-
netism in YbRh3Si7 may be a result of the delicate balance
among different underlying energy scales, including CEF
anisotropy and exchange anisotropy. Understanding the
metamagnetism in YbRh3Si7 will help draw a more
complete picture of how subtle quantum effects steer the
macroscopic behavior of different materials.

II. METHODS

Single crystals of YbRh3Si7 were grown from a Rh-Si
excess liquid solution using Yb (99.9999%), Rh (99.95%),
and Si (99.99%). The mixture was slowly cooled from
1200 °C to 1100 °C, and when the excess flux was
decanted, rhombohedral crystals with typical dimensions
of 3–5 mm were obtained. The as-grown single crystals
were subsequently annealed up to 200 hours under partial
Ar atmosphere at 850 °C.
Room-temperature powder x-ray diffraction patterns

were collected in a Bruker D8 diffractometer using Cu
Kα radiation, and the patterns were refined using the TOPAS

software. Additional single-crystal diffraction measure-
ments were performed in a Bruker D8 Quest Kappa
diffractometer equipped with an IμS microfocus source
(λ ¼ 0.71073 Å) operating at 50 kV and 1 mA, a HELIOS
optics monochromator, and a CMOS detector. The crystal
structure of YbRh3Si7 was solved using direct methods
in SHELXS2013 (Ref. [38]), and all atomic sites were
refined anisotropically using SHELXL2014 (Ref. [39])

(see Table S1 and S2 in Ref. [40]). Powder neutron
diffraction data were collected on the BT-1 high-resolution
neutron powder diffractometer and on the BT-7 triple-axis
diffractometer at the NIST Center for Neutron Research.
We used an (002) pyrolytic graphite (PG) crystal as a
monochromator, with an incident beam energy of 14.7 meV
and a PG filter to suppress higher-order wavelength
contaminations. Coarse collimations of Open-80-80 Radial
collimations (FWHM) were employed, with a position-
sensitive detector [41]. Single-crystal neutron diffraction in
zero magnetic field was performed on the four-circle
diffractometer HB-3A at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory (ORNL). The
data were collected at 4 K and 15 K by neutrons with a
wavelength of 1.546 Å from a bent perfect Si (220)
monochromator [42]. Single-crystal neutron diffraction,
with a magnetic field applied parallel to the c axis, was
performed on the fixed incident energy triple-axis HB-1A
at HFIR (λ ¼ 2.36 Å). A selection of Bragg peaks in the
(HK0) scattering plane was measured at 1.8 K and 10 K
in fields up to 8 T. The magnetic symmetry analysis was
performed with SARAh [43]. The nuclear and magnetic
structure refinements were carried out with the FullProf
Suite [44]. Inelastic neutron scattering experiments were
carried out using the MERLIN neutron chopper spectrom-
eter at ISIS, UK [45].
Anisotropic temperature- and field-dependent dc mag-

netization measurements were done in a Quantum Design
(QD) Magnetic Property Measurement System (MPMS)
with a 3He option. Specific heat data were collected in a QD
Physical Property Measurement System (PPMS) and a
Dynacool with a dilution refrigerator using a thermal
relaxation method for temperatures between 0.05 K and
30 K and magnetic fields up to 9 T. The temperature-
dependent ac resistivity of bar-shaped crystals was col-
lected in the QD PPMS, with f ¼ 17.77 Hz and current
i ¼ 1 mA parallel to the c axis using a standard four-
terminal configuration.
To elucidate the electronic and magnetic properties of

YbRh3Si7, band-structure calculations were performed
using DFT with the linearized augmented plane waves as
a basis, as implemented in the WIEN2K code [46]. The
generalized gradient approximation was used to account for
the exchange and correlations [47], and the polyhedron
integration method was used to calculate the electronic
density of states (DOS). The effect of Hubbard U was
incorporated within the DFTþ U method [48].
The high-field magnetization measurements up to 35 T

were performed using an extraction magnetometry tech-
nique in a capacitor-driven pulsed field magnet at the
pulsed field facility at Los Alamos National Laboratory.
The change in magnetization, ΔM with magnetic field H,
was obtained by integrating the induced voltage with the
sample inside a compensated coil and subtracting the
integrated voltage recorded in a subsequent sample-out
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background measurement. The pulsed-field magnetization
was calibrated using dc measurements obtained in a QD
MPMS up to 7 T. The applied pulsed magnetic field was
determined by the induced voltage in a coil, calibrated
using the de Haas van Alphen oscillations of copper [49].
High-field torque magnetometry and resistivity measure-
ments were carried out at National High Magnetic Field
Laboratory (NHMFL) in Tallahassee. The torque was
measured on a bar-shaped crystal through a CuBe canti-
lever beam, whose deflection was measured via capacitive
techniques with a 3He cryostat, and the resistivity was
measured via a conventional lock-in ac technique in a 35-T
resistive magnet in combination with a variable temperature
insert down to 1.4 K.

III. LOW CARRIER ANTIFERROMAGNET WITH
STRONG MAGNETIC ANISOTROPY

YbRh3Si7 crystallizes in the ScRh3Si7 structure type
with space group R3̄c [20]. This structure features vertex-
sharing YbRh6 octahedra and Si7 bipyramids oriented
along the c axis. The details of the crystal structure of

the optimally annealed crystal are presented in Fig. S1 in
Ref. [40]. Because of the complexity of the rhombohedral
R3̄c crystal structure, it will be prudent to refer to the
equivalent hexagonal structure and its respective a and c
crystallographic directions. The primitive rhombohedral
unit cell contains two Yb atoms, while the equivalent
hexagonal structure contains six Yb atoms. When working
in reciprocal space, all indices are given with respect to the
hexagonal reciprocal lattice. The band-structure plots adopt
the rhombohedral reciprocal lattice.
We first characterize the electrical transport properties of

YbRh3Si7. The H ¼ 0 resistivity of the as-grown single
crystals [time ¼ 0, yellow symbols, Fig. 1(a)] shows semi-
metallic-like behavior as ρðTÞ increases upon cooling from
room temperature down to T� ∼ 15 K, a local maximum.
By contrast, the nonmagnetic analogue LuRh3Si7 is a
normal metal [line, Fig. 1(a)], albeit with a relatively large
resistivity of about 1 mΩ cm at 300 K. There are several
plausible reasons for the observed temperature dependence
of ρ in YbRh3Si7, including (i) strong hybridization
between the 4f and conduction electron bands near the
Fermi surface [50], (ii) magnetic order close to T� in a

FIG. 1. (a) Zero-field temperature-dependent electrical resistivity ρ of YbRh3Si7 at different annealing times. The solid line is the data
for LuRh3Si7. (b) Low-temperature ρ at μ0H ¼ 0 and 9 T applied parallel to the c axis. (c) Hall coefficient RH measured at μ0H ¼ 9 T
between 300 and 10 K. (d) Inverse magnetic susceptibility H=M vs T for YbRh3Si7 with μ0H ¼ 0.1 T parallel to c (blue triangles) and
ab (red squares) together with a polycrystalline average (purple circles) and Curie-Weiss fits (solid lines). Inset: Low-temperature
magnetic susceptibility M=H. Note that 1 emu ¼ 1 Gcm3 ¼ 10−3 Am2. (e) DOS projected onto the orbital angular-momentum
components of the Yb3þ ion. (f) Powder neutron diffraction patterns at 1.5 K (data, crosses; Bragg peak positions, short vertical lines;
difference between data and refined pattern, indigo curve), with the AFM structure of the system with collinear moments parallel to the a
axis (left inset) and an enhanced view of the (0 0 3) and (1 0 1) magnetic Bragg peaks at small angles (right inset). (g) Agreement of the
single-crystal magnetic structure refinement at T ¼ 4.5 K. (h) Magnetic order parameter measured at the (0 2–5ÞM peak upon warming.
Error bars represent 1 standard deviation.
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semimetal or semiconductor [51], or (iii) extrinsic effects,
due to disorder-induced localization [52]. Annealing at fixed
temperature (850 °C) with variable time (between 50 and
200 hours) allowed us tominimize disorder effects. The data
in Fig. 1(a) (symbols) show a remarkable decrease of the
absoluteρvalues over the entiremeasured temperature range
as the annealing time increases, favoring a picture of reduced
disorder with heat treatment. This is accompanied by a
decrease of residual resistivity ρ0 with increasing annealing
time, as shown in the inset of Fig. S2(a) in Ref. [40]. A Laue
image of the optimally annealed crystal is shown in Fig. S2
(b). For the remainder of the paper, all data correspond to
optimally annealed samples (time ¼ 150–200 hours).
While some ambiguity remains about (iii) the role of
disorder-induced localization, it can be ruled out as the
main cause of the ρðTÞ behavior in YbRh3Si7.
Scenario (ii) ofmagnetic order aroundT� in a semimetal or

semiconductor can also be ruled out: (a) T� is field inde-
pendent up to μ0H ¼ 9 T [Fig. 1(b)], suggesting that the
peak at T� is likely not of magnetic origin. (b) Above T�,
ρðTÞ does not follow an activated-type behavior, indicating
that YbRh3Si7 is not a semiconductor [Fig. S3(a) in
Ref. [40] ]. (c)Aswill be shown later,magnetization, neutron
diffraction, and specific heat measurements do not show any
transitionlike feature at T�. Particularly, magnetic entropy
estimated from specific heat data is reduced to only 0.7 Rln2
at T�. This is not expected in the semiconductor with
magnetic order but without the Kondo effect [51]. In
Sec. IV, band-structure calculations show that YbRh3Si7 is
a compensated semimetal with equal hole (nh) and electron
(ne) carrier densities. We therefore suggest that the electrical
transport properties in YbRh3Si7 around T� embody the
character of a Kondo lattice, while the negative resistivity
coefficient (i.e., dρ=dT < 0) at high temperatures is due to
spin-flip scattering of the conduction carriers off magnetic
centers in a semimetallic framework. Coherence sets in at T�
and results in the drop in resistivity below this temperature
[53]. Upon further cooling to the lowest temperature, the
resistivity follows T2 dependence below 2 K, indicative of
Fermi liquid behavior of a strongly correlated systemdictated
by theKondo effect [Fig. S2(a) inRef. [40] ]. The prefactorA
in ρ ¼ ρ0 þ AT2 decreases by 1 order of magnitude from
μ0H ¼ 0 (A ¼ 2.6 × 10−2 mΩ cmK−2) to μ0H ¼ 9 T
(A ¼ 3.1 × 10−3 mΩ cmK−2), consistent with suppression
of the Kondo effect by the magnetic field [Fig. S3(b)].
Figure 1(c) shows that the Hall coefficient RH is positive

between 300 and 10 K and strongly temperature dependent.
If we assume the drift velocity of each type of carrier can be
treated using the Drude model,

RH ¼ 1

jej
ðnhμ2h − neμ2eÞ
ðnhμh þ neμeÞ2

> 0;

μh;e ¼ q
τh;e
mh;e

� ;

1

τh;e
¼ 1

τex
þ Γh;e; ð1Þ

where μh;e, τh;e, and mh;e
� are the mobility, collision time,

and effective mass for holes and electrons, respectively
[54]. Note that 1=τex is the rate for scattering off impurities
and phonons, and Γh;e is the rate of hole-hole (or electron-
electron) intraband scattering (the interband scattering can
also be absorbed into Γh;e). Since band-structure calcula-
tions (Sec. IV) show that nh ¼ ne, the sign of RH is
determined by the difference (μ2h − μ2e). The observed
positive RH indicates that holes are more mobile than
electrons, and this could either be due to holes being lighter
or to the slowing scattering rate Γh < Γe, or possibly a
combination of these two effects.
Magnetization, neutron diffraction, and specific heat

measurements, which will be discussed below, show that
YbRh3Si7 has an AFM ground state with TN ¼ 7.5 K. This
is relatively high among Yb-based antiferromagnets, with
very few other such systems showing comparable ordering
temperatures (Yb3Cu4Ge4 with TN ¼ 7.5 K [55], YbRhGe
withTN ¼ 7 K [56], andYb2MgSi2 withTN ¼ 9.5 K [57]).
The H ¼ 0 magnetic ordering transition is confirmed by
anisotropic magnetization measurements [Fig. 1(d)]. When
themagnetic field is applied parallel or perpendicular to the c
axis, anisotropy is apparent in the magnetic susceptibility,
with larger magnetization values along the c axis, Mc, at
high temperatures indicating axial CEF anisotropy. Above
100 K, Curie-Weiss behavior is evidenced by the linear
inverse magnetic susceptibility H=M [lines, Fig. 1(d)]. A
linear fit of the inverse average susceptibilityH=Mave, where
Mave ¼ ð2Mab þMcÞ=3, yields an effective moment μeff ¼
4.1 μB, close to the theoretical value for Yb3þ ions μtheoryeff ¼
4.54 μB. Upon cooling below about 10 K, a magnetic
susceptibility crossover and a large (small) upturn in the
Mab=H (Mc=H) occur [squares (triangles) in inset,
Fig. 1(d)], resembling a ferromagnetic (FM) transition
with moments perpendicular to the high-T CEF axis.
Ferromagnetic order along the hard axis has been observed
in the heavy fermions YbðRh0.73Co0.27Þ2Si2 [58] and
YbNi4P2 [7]. The mechanism for this effect could be either
quantum fluctuations or directionally dependent transverse
fluctuations [59]. However, in YbRh3Si7, neutron diffrac-
tion and thermodynamic property measurements reveal that
themagnetic ground state isAFM.Thus, theM=H crossover
in YbRh3Si7 may have a different origin than in the above-
mentioned hard-axis ferromagnets, while a minute ferro-
magnetic component cannot be ruled out.
To shed light on the magnetic properties of YbRh3Si7,

electronic band-structure calculations were performed
using the DFT and DFTþ U techniques, as described in
Sec. II. We have found the lowest-energy configuration to
be the one in which the Yb magnetic moments are ordered
ferromagnetically within the ab plane, pointing along the c
axis, with AFM order between adjacent planes. Next, we
present the partial DOS projected onto different orbital
angular-momentum components, mL of the Yb3þ ion,
plotted in Fig. 1(e). Top (bottom) panels show the minority
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(majority) spins, accordingly. Considering any given Yb
ion, the minority-spin DOS is dominated by mL ¼ 2 (red)
at the Fermi level (vertical dotted line). The other mL
orbitals, which are represented by the blue lines, lie below
the Fermi level and hence do not contribute to the moment.
This corresponds to the spin-orbit coupled state
jJ ¼ 7=2; mJ ¼ 5=2i, as shown by the expression in the
inset in Fig. 1(e). We conclude that the ground-state doublet
is thus jJ ¼ 7=2; mJ ¼ 5=2i, and we expect that, under
large magnetic fields, this state will become fully polarized.
Accordingly, the calculated saturated moment μcalcsat ¼
ðLz þ 2SzÞμB=ℏ should be 2.86 μB.
We next present neutron diffractionmeasurements, which

allow us to identify the zero field magnetic ground state of
YbRh3Si7. Upon cooling below TN ¼ 7.5 K, these mea-
surements reveal the formation of additional Bragg reflec-
tions as shown in Fig. 1(f). These magnetic Bragg
reflections were indexed with a k ¼ 0 propagation vector
in the R3̄c space group. The best agreement with the
measured diffraction pattern was obtained with the Γ5

irreducible representation, which can be written as a linear
combination of two basis vectors (3 · ψ5 þ ψ6) [43]. The
resulting refinement is shown in Fig. 1(f). In this collinear
AFM structure, the spins are constrained to lie in the ab
plane, as represented for a single unit cell in the inset of
Fig. 1(f). The ferromagnetically ordered planes are stacked
antiparallel along the c axis. This magnetic structure has
also been verified with single-crystal neutron diffraction
measurements. Figure 1(g) presents the agreement between
the measured and calculated structure factors. The temper-
ature dependence of the (0, 2, −5) magnetic Bragg peak,
shown in Fig. 1(h), reveals that at 4.5 K the intensity has not
saturated. Thus, it is not surprising that the ordered moment
determined from single-crystal diffraction, 0.36 μB=Yb3þ
at 4.5 K, is slightly smaller than the moment derived from
powder diffraction, 0.47 μB=Yb3þ at 1.5 K. This partial
order parameter gives TN around 7.5 K, in agreement with
the magnetic susceptibility measurements in the inset of
Fig. 1(d). It is worth highlighting that the structure deter-
mined by neutron diffraction differs from the one used in the
DFT calculations; while both structures have alternating
AFM coupled planes, in DFT, the moments point along the
c axis, whereas experimentally they are found to point along
the a axis. This discrepancy is likely due to the fact that DFT
may not properly account for the crystal electric-field
anisotropy. In addition, the FM-like magnetic susceptibility
[inset of Fig. 1(d)] implies that the spin structure is probably
noncollinear, and the net moment comes from the moment
along the a axis. However, this net moment is most probably
too small (< 0.1 μB) to be observable by nonpolarized
neutron diffraction, so the bulk magnetization measurement
does not conflict with the neutron data. The neutron data
only observed the dominant magnetic phase or component.

IV. KONDO EFFECT AND HYBRIDIZATION

With the magnetic ground state resolved from neutron
diffraction measurements, a better characterization of the

correlations in YbRh3Si7 is needed since the H ¼ 0
resistivity, shown in Fig. 1(a), hinted at possible strong
correlations and Kondo screening below about 30 K. Long-
range AFM order at TN ¼ 7.5 K is marked by a broad peak
in specific heat Cp [Fig. 2(a)], consistent with the magnetic
susceptibility and neutron data. We define the peak temper-
ature in CpðTÞ as the ordering temperature. For compari-
son, the specific heat data of the nonmagnetic analogue
LuRh3Si7 (solid line) is also shown in Fig. 2(a). A log-log
plot of ðCp − CnÞ=T vs T in the inset, where Cn is the
nuclear contribution to the specific heat (see Fig. S4 in
Ref. [40] for details), remains almost constant below 0.5 K.
Then, we subtract the nonmagnetic contribution as approxi-
mated by LuRh3Si7. The resulting magnetic entropy of
YbRh3Si7 amounts to only 0.37 Rln2 at TN [Fig. 2(b)],
implying strong Kondo correlations, with a Kondo temper-
ature around 15 K determined from Smagð0.5TKÞ ¼
0.4 Rln2. We notice that the Cp peak around TN is broader
than that in other 4f-based antiferromagnets. Some pos-
sibilities—including lattice defects such as mosaic grain
boundaries, low-lying CEF levels, and short-range inter-
actions above TN—may cause the rounding of the tran-
sition. First, mosaicity can be ruled out since all reflection
points on the Laue image are sharp and can be mapped out
by the calculated pattern [Fig. S2(b)]. Second, Fig. S5 in
Ref. [40] shows that the first excited CEF level is about
26 meV, far above the measured temperature range, and
hence could not cause the rounding of Cp. Finally, short-
range interactions, if present, cannot be unambiguously
resolved, mainly due to the fact that the small magnetic
moment above TN is close to the experimental limit of the

FIG. 2. (a) H ¼ 0 CpðTÞ for YbRh3Si7 (full circles) and its
nonmagnetic analogue (line) LuRh3Si7. Inset: Log-log plot of
ðCp − CnÞ=T vs T, where Cn is the nuclear contribution to the
specific heat. (b) Magnetic entropy SmagðTÞ. (c) Band structure of
YbRh3Si7 with so-called “fat bands” highlighting the contribu-
tion from Yb f orbitals and (d) Rh and Si atoms. Thicker sections
of the bands represent a larger partial contribution of the
respective orbitals.
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diffraction experiments. Although the exact cause of the
broadening of the Cp peak is unclear at the current stage,
the unusual magnetic properties of YbRh3Si7 are governed
by its long-range AFM order below TN.
To elucidate the nature of the hybridization between Yb f

and conduction electron bands inferred from the thermo-
dynamic measurements above, DFTþ U calculations were
performed [48] inside the AFM phase. The representative
band structure is shown in Fig. 2 along the high-symmetry
lines in the Brillouin zone. We have separated the partial
contribution of the Yb f electrons [Fig. 2(c)] from that of the
conduction electrons of Rh and Si [Fig. 2(d)] using the “fat
band” representation, such that the thicker bands denote the
larger contribution of the respective atomic orbitals. The
results paint the canonical picture of hybridization between
the very thin (atomiclike) Yb f band and the parabolic
conduction band, the latter with a bandwidth on the order of
1.5 eV. The chemical potential, pinned to the Yb f level,
crosses the conduction band along the Γ-Z direction, while
the spectrum remains gapless (metallic in character) even in
the AFM phase. The same observation is true for the
paramagnetic (PM) phase (see Fig. S7 in Ref. [40]).
An additional outcome from the band-structure calcu-

lations is that there are two bands crossing the Fermi level,
resulting in a compensated semimetal with an electron and
hole pocket of equal volume. TheDFT calculations estimate
the total carrier density n ¼ nh þ ne ≈ 3.2 × 1021 cm−3 in
the PM phase and 2.9 × 1021 cm−3 in the AFM phase.
These calculated values are close to the experimental carrier
density nexp ∼ 1.5 × 1021 cm−3 inferred from the low-tem-
perature Hall coefficient [Fig. 1(c)] using a simplified
single-band picture, where RH ¼ 1=njej. The presence of
two bands necessitates a more detailed analysis, taking
carrier mobilities into account, as in Eq. (1), but the
comparison with the theory is nevertheless favorable. Of
course, one must bear in mind that the DFT calculations
are based on a single-particle picture and, as such,
do not capture the many-body Kondo lattice phenomena.
Nevertheless, the Luttinger theorem ensures us that while
the quasiparticle residue and effective mass may be dras-
tically modified due to the Kondo hybridization, the Fermi
surface volume, and hence the carrier density, should remain
intact. The band-structure calculations thus provide a
reasonable starting point and predict the system to be a
low-carrier density Kondo semimetal, in agreement with the
experimental results.

V. HARD-AXIS METAMAGNETISM

Having provided evidence for the low carrier Kondo
semimetal character in YbRh3Si7, we now focus on how
these properties are intertwined with the even more
complex magnetotransport properties when the magnetic
field is orthogonal to the H ¼ 0 moment direction. In the
Hkc field-dependent specific heat, TN appears to be sup-
pressed slightly by fields up to about 6 T [inset of Fig. 3(a)].

At higher fields, an additional transition becomes visible
and is marked by an arrow in Fig. 3(a) for μ0H ¼ 6.15 T.
As the field is further increased, the peak associated with
this new transition becomes larger and sharper, and shifts to
higher temperatures. A first-order-like transition at T ¼
6.8 K and μ0H ¼ 9 T is observed. This evolution of the
transitions with applied field implies that the set of critical
exponents which belongs to the magnetic universality class
changes at about 6.15 T. In contrast, for Hkab [Fig. 3(b)],
no additional transition is observed up to 9 T, and the H ¼
0 peak in Cp monotonically shifts to higher temperatures.
This is attributed to spin fluctuations above the ordering
temperatures that the magnetic field shifts the specific heat
weight to higher temperatures [60]. Similar behavior has
been reported in several other strongly correlated systems,
such as CeCu5.5Au0.5, MnSi, and CeAuSn [61–63].
The magnetic susceptibility [Fig. 1(d)] and specific

heat data [Figs. 3(a) and (b)] point to complex field-
induced magnetic transitions and large CEF anisotropy
in YbRh3Si7. Field-dependent thermodynamic and trans-
port property measurements allow for an in-depth charac-
terization of this complex magnetism. Low-temperature
magnetization measurements MðHÞ up to 7 T not only
confirm the magnetic anisotropy but reveal a MM transition
above μ0H ¼ 6 T for Hkc [solid line, Fig. 3(c)]. In the
orthogonal direction, no MM transition is observed [dashed
line, Fig. 3(c)]. The low-field Mab shows a sharp increase
with H and a small hysteresis at very small fields [inset of
Fig. 3(c)]. Because of the equivalence of the a and b
hexagonal directions, the low field MðHÞ behavior can be
explained within a domain pinning picture because the spin
configuration within the ab plane is not unique. Indeed, this
magnetic structure is composed of three symmetrically
equivalent domains, which can be generated from the
configuration shown in Fig. 1(f) by successively rotating
the spins by 120° in the ab plane. Once a field is applied
within the ab plane, this symmetry is broken and the
domain most closely aligned with the field will become
energetically most favorable, resulting in its selection to
form a single domain state. The very small, about 0.01 T,
barrier to this selection and the hysteresis, of about 0.002 T,
are the result of domains being pinned by the low level of
disorder that is present in any material.
To investigate the evolution of Mc and temperature

dependence of the MM transition at higher fields, we
performed magnetization, torque, and magnetoresistance
measurements up to 35 T as shown in Figs. 3(d)–3(g). All
measurements were carried out for both increasing
and decreasing fields, and they indicate two MM transi-
tions, around μ0H1 ∼ 6.7 T and μ0H2 ∼ 21 T. The values
of μ0H1 and μ0H2 were determined from the peaks or
dips in the derivatives, as shown in the right axes of
Figs. 3(e)–3(g). The magnetization [Fig. 3(e)] varies
linearly with H up to the first critical field μ0H1.
Following the MM transition at μ0H1, a linear increase
ofMc is seen for fields between 10 T and 21 T, followed by
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the second MM transition around μ0H2 ¼ 21 T. At higher
fields, the magnetization approaches a plateau close to
2.8 μB=Yb, much less than the Hund’s rule ground-state
value of 4.5 μB for Yb3þ. However, the measured value is
consistent with the expected saturated magnetization for
mj ¼ 5=2, which was predicted by DFT calculations to be
the CEF ground state [Fig. 1(e)]. The critical fields μ0H1

and μ0H2 are also indicated by a change of slope in the
magnetoresistance and torque data as shown in Figs. 3(d),
3(f), and 3(g). Temperature-dependent magnetoresistance
isotherms for Hkc point to an increasing critical field value
for μ0H1 and a decreasing critical field value for μ0H2 with
increasing temperatures [Fig. 3(d)]. Across μ0H2, magneti-
zation, torque, and magnetoresistance all show a hysteresis
(see Fig. S8), indicating that the transition from CAFM to
SPM is first order. This is in line with the sharp transition
seen in Cp above μ0H ¼ 6.5 T [Fig. 3(a)].

VI. DISCUSSION

YbRh3Si7 is a new low carrier Kondo semimetal show-
ing large CEF anisotropy at high temperatures and AFM
order below TN ¼ 7.5 K. Zero field neutron diffraction
measurements point to a collinear AFMmagnetic structure,

which evolves when a magnetic field is applied either
parallel or perpendicular to the moments. Field-dependent
magnetization measurements and theoretical calculations
indicate that the phase above 20 T corresponds to the
saturated mJ ¼ 5=2 magnetic state. We therefore propose
three distinct spin configurations to describe the different
phases observed in the H − T phase diagram for Hkc in
Fig. 4. In the low field regime, from zero field up to μ0H1,
long-range AFM order occurs, and this is schematically
depicted in the bottom left plot in Fig. 4. The magnetic
moments μ (red arrows) are parallel to the a axis μk½100�,
with FM ab planes stacked antiferromagnetically along the
c axis. In the high-field regime, μ0H ≥ μ0H2, all the
moments are polarized parallel to the hexagonal c axis
μk½001�, as indicated by both MðHÞ measurements and
DFT calculations. The corresponding spin-polarized para-
magnetic (SPM) phase is illustrated in the bottom right plot
in Fig. 4. Single-crystal neutron diffraction measurements
up to μ0Hjjc ¼ 8 T do not allow us to uniquely determine
the magnetic structure in the intermediate phase. However,
the c-axis ordered moment measured on the (110) Bragg
peak is consistent with magnetization measurements, as
shown in Fig. 3(c). Above μ0H1, we do not observe the
formation of any new magnetic Bragg peaks, as would be

FIG. 3. (a) Cp vs T for YbRh3Si7 with magnetic fields (μ0H ≥ 6 T) applied parallel to the c axis. Inset: Low magnetic-field data
(μ0H ≤ 6.15 T). (b) Cp vs T withHjjab. (c)M vsH at T ¼ 1.8 K forHjjab (dashed line) andHjjc (solid line) up to μ0H ¼ 7 T. The c-
axis moment from neutron diffraction is given by the solid symbols. The inset shows the low-field data for Hjjab. (d) Hjjc
magnetoresistance isotherms. (e)–(g) Left axis: Magnetization at T ¼ 1.44 K, torque at T ¼ 2 K, and resistivity at T ¼ 1.47 K as a
function of magnetic field Hjjc. Right axis: Derivative plots with respect to H. Dashed lines indicate the metamagnetic transitions at
μ0H1 and μ0H2.
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expected for anMMtransition to a complex conical or helical
state. Instead, we observe a sudden increase in the k ¼ 0 FM
moment. Thus, we propose a simple effective spin configu-
ration for the intermediate phase that is consistent with our
neutron diffraction measurements and can quantitatively
describe the isothermal magnetization. The system enters
a canted antiferromagnetic (CAFM) state, with the moments
aligned along the nearest-neighbor direction in the distorted
cubic Yb sublattice, which is around a 45-degree angle with
the hexagonal axes (Fig. 4, bottom middle). The Hk½001�
component of the magnetization for such a CAFM spin
configuration can be calculated from M001 ¼ μ cos θ ¼
2.86 × ð3.304Å=5.468ÅÞ μB=Yb ¼ 1.73 μB/Yb (schemati-
cally shown in Fig. S9 in Ref. [40]). This value agrees
well with the measured low-T magnetization around 9 T,
Mcð9 T; 1.44 KÞ ∼ 1.7 μB=Yb, indicated by the intersection
of two black lines [Fig. 3(e)].
From neutron diffraction determination of the AFM

structure, we know that the magnetic ordered moments
are in the ab plane and that they order antiferromagneti-
cally along the c axis. In this magnetic structure arrange-
ment, one would expect that a c-axis aligned magnetic field
should gradually polarize the moment along the c axis as a
function of increasing magnetic field. This is because a c-
axis aligned field is already in a direction perpendicular to
the in-plane moment, and this should not induce an
additional spin-flop transition. For an in-plane aligned
field, one would expect a spin-flop transition to occur
above a critical field so that the AFM order moment will
align perpendicular to the applied field direction. When the
spin-flop transition occurs, we would expect sudden

changes in magnetization and large magnetoresistance,
as seen in the case of YbAgGe [27] and YbIr2Zn20 [37].
Our observation in YbRh3Si7 is contrary to this expect-
ation. For a field in the ab plane, we see no field-induced
spin-flop transition and very little increase in the total
magnetization. On the other hand, we see clear c-axis field-
induced magnetization and a specific heat anomaly as a
function of increasing field. This means that the 7-T in-
plane field we applied was unable to drive the system into a
CAFM state, while the same field along the c axis can
dramatically affect the long-range AFM order and drives
the system into a FM state in a staged fashion, completely
unexpected given the AFM arrangements of the spins in the
system.
The MM transitions in YbRh3Si7 are genuine phase

transitions instead of crossovers, in contrast to some other
metamagnetic systems [29,32,33]. Similar phase diagrams
with multiple MM transitions have been reported in other
Ce- or Yb-based compounds, such as YbNiSi3 [25,64],
YbAgGe [65,66], CeAgBi2 [67], and CeAuSb2 [68].
However, as discussed, the MM transitions in these com-
pounds occur for magnetic fields parallel to the H ¼ 0
moment direction (M0). Remarkably, in YbRh3Si7, the
MM transitions occur at lower fields for H⊥M0. This is
first apparent in the anisotropicMðHÞ isotherms [Fig. 3(c)],
with angle-dependent magnetoresistance data reinforcing
this point, as H is rotated away from the c axis towards the
ab plane (Fig. S10 in Ref. [40]). To our knowledge,
YbRh3Si7 is therefore the only Ce- or Yb-based compound
to show MM transitions for H⊥M0, rendering the com-
petition between the different energy scales (RKKY, CEF,
Kondo, etc.) particularly complex. As DFT calculations
already suggested, the energy scales for the moment
parallel to the a and c axes might be very close, and a
modest magnetic field is sufficient to reorient the magnetic
moment direction. This suggestion is supported by the
isothermal magnetization data, where a crossover of Mc
and Mab is observed around 1.6 T, as shown in Fig. 3(c).
When the applied field is larger than 1.6 T, the CEF easy-
axis anisotropy dominates and no crossover is expected, in
contrast to the low field data shown in the inset of Fig. 1(d).
This is likely the result of field tuning of direct competition
between the single-ion CEF anisotropy and anisotropic
exchange interactions, with the former dictating a magnetic
easy axis parallel to the c axis and the latter leading to the
low field moment alignment in the ab plane. However, this
competition alone cannot explain the abrupt increase in
resistivity that occurs at the onset of the MM transition at
μ0H1 [Fig. 3(g)]. In addition, in angle-dependent magneto-
resistivity measurements (Fig. S10), as the magnetic field is
rotated away from the c axis, a monotonic increase of μ0H1

and a monotonic decrease of resistance are observed,
instead of extremes around θ ¼ 45 degrees, i.e., the lowest
energy state in the CAFM phase. There are some other
possible underlying energy scales that are not discussed in

FIG. 4. T −H phase diagram of YbRh3Si7 together with three
distinct magnetic spin configurations in different magnetic-field
regions. A picture of the crystal is shown in the inset.
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this study, including (1) a structural transition with field or
(2) a Kondo breakdown scenario where the itinerant 4f
electrons become localized at the MM transitions [69]. The
understanding of the exact nature of the anomalous
metamagnetism in YbRh3Si7 warrants further study.
In summary, YbRh3Si7 is a new low carrier, anti-

ferromagnetic, Kondo lattice compound with anomalous
metamagnetism. It serves as a forerunner among Ce- and
Yb-based 1-3-7 analogues, rendering the 1-3-7 structure an
ideal host structure to investigate the intertwinement of
multiple energy scales, including RKKY, Kondo, CEF
anisotropy, and anisotropic exchange interactions.
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