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Artificial magnetic fields 
two ways

• Anomalous Hall effect from Berry 
curvature and Weyl fermions: interplay 
with topological defects in an 
antiferromagnet

• Hints (maybe) of emergent electric 
monopoles and magnetic fields in a 
pyrochlore
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Anomalous Hall Effect
A famous effect 

in metallic 
ferromagnets

�
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= aBz + bMz

Karplus + Luttinger (1954!) related this to 
anomalous velocity due to Berry curvature  

Eventually it was realized this 
is topological, c.f. this year’s 

Nobel prize :)
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obviously breaks time-reversal symmetry
need a magnetic material

A striking property of some Weyl semimetals

Fermi arc = chiral edge state



Anomalous Hall Effect
It should be generically present in time-
reversal broken Weyl semimetals, with 

sufficiently low symmetry

How about AHE in an 
antiferromagnet?

Could be useful to provide switchable Hall 
effect w/o large stray fields
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Large anomalous Hall effect in a non-collinear 
antiferromagnet at room temperature
Satoru Nakatsuji1,2, Naoki Kiyohara1 & Tomoya Higo1

In ferromagnetic conductors, an electric current may induce 
a transverse voltage drop in zero applied magnetic field: this 
anomalous Hall effect1 is observed to be proportional to 
magnetization, and thus is not usually seen in antiferromagnets in 
zero field2. Recent developments in theory and experiment have 
provided a framework for understanding the anomalous Hall 
effect using Berry-phase concepts3, and this perspective has led to 
predictions that, under certain conditions, a large anomalous Hall 
effect may appear in spin liquids and antiferromagnets without net 
spin magnetization4–8. Although such a spontaneous Hall effect has 
now been observed in a spin liquid state9, a zero-field anomalous 
Hall effect has hitherto not been reported for antiferromagnets. 
Here we report empirical evidence for a large anomalous Hall effect 
in an antiferromagnet that has vanishingly small magnetization. 
In particular, we find that Mn3Sn, an antiferromagnet that has  
a non-collinear 120-degree spin order10,11, exhibits a large ano-
malous Hall conductivity of around 20 per ohm per centimetre at 
room temperature and more than 100 per ohm per centimetre at 
low temperatures, reaching the same order of magnitude as in 
ferromagnetic metals3. Notably, the chiral antiferromagnetic state 
has a very weak and soft ferromagnetic moment of about 0.002 
Bohr magnetons per Mn atom (refs 10, 12), allowing us to switch 
the sign of the Hall effect with a small magnetic field of around a 
few hundred oersted. This soft response of the large anomalous 
Hall effect could be useful for various applications including 
spintronics—for example, to develop a memory device that produces 
almost no perturbing stray fields.

Mn3Sn is a hexagonal antiferromagnet (AFM) that exhibits non- 
collinear ordering of Mn magnetic moments at the Néel temperature 
of TN ≈  420 K (refs 10, 11, 13). The system has a hexagonal Ni3Sn-type 
structure with space group P63/mmc (Fig. 1a). The structure is stable 
only in the presence of excess Mn, which randomly occupies the Sn 
site13. The basal plane projection of the Mn sublattice can be viewed 
as a triangular lattice arrangement of a twisted triangular tube made 
of face-sharing octahedra (Fig. 1a, b). Each a–b plane consists of a 
slightly distorted kagome lattice of Mn moments each of ~3 μB (where 
μ B is the Bohr magneton), and the associated geometrical frustration 
manifests itself as an inverse triangular spin structure that carries 
a very small net ferromagnetic moment of ~0.002 μB per Mn atom  
(Fig. 1c)10,11. All Mn moments lie in the a–b plane and form a chiral 
spin texture with an opposite vector chirality to the usual 120° struc-
ture (Extended Data Fig. 1). This inverse triangular configuration 
has an orthorhombic symmetry, and only one of the three moments 
in each Mn triangle is parallel to the local easy-axis10–12 (Fig. 1c). 
Thus, the canting of the other two spins towards the local easy-axis is 
considered to be the origin of the weak ferromagnetic moment10–12.

It is known that as-grown crystals retain the inverse triangular spin 
state over a wide temperature (T) range between TN and ∼ 50 K (ref. 14). 
At low temperatures, a cluster glass phase appears with a large c-axis 
ferromagnetic component due to spin canting towards the c axis11,15,16.  
In this work, we used as-grown single crystals that have the 

composition Mn3.02Sn0.98 and confirmed no transition except the one 
at 50 K (Methods). As the detailed spin structure is unknown for the 
low temperature phase, here we focus on the phase stable above 50 K, 
and use ‘Mn3Sn’ to refer to our crystals for clarity.

We first show our main experimental evidence for the large anom-
alous Hall effect (AHE) at room temperature. Figure 2a presents the 
field dependence of the Hall resistivity, ρ H(B), obtained at 300 K for 
the field along [2110] (a axis). ρH(B) exhibits a clear hysteresis loop 
with a sizable jump of |Δ ρH| ≈  6 μ Ω  cm. This is strikingly large for an 
AFM, and is larger than those found in elemental transition metal 
ferromagnets (FMs) such as Fe, Co and Ni (refs 2, 3, 17). Notably, the 
sign change occurs at a small field of ~300 Oe. Furthermore, the hys-
teresis remains sharp and narrow in all the temperature range 
between 100 K and 400 K (Fig. 2b). In this temperature region, a large 
anomaly as a function of field has been seen only in the Hall resistiv-
ity. The longitudinal resistivity ρ(B) remains constant except for 
spikes at the critical fields where the Hall resistivity jumps (Fig. 2a). 

1Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan. 2PRESTO, Japan Science and Technology Agency (JST), 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan.

Figure 1 | Crystal and magnetic structures of Mn3Sn. a, The 
crystallographic unit cell of Mn3Sn. Although there is only one 
crystallographic site for both Mn and Sn, different colours are used to 
distinguish those in the z =  0 plane and in the z =  1/2 plane. In addition to 
the unit cell frame, Mn atoms are connected by lines to illustrate that the 
face-sharing octahedra of Mn atoms form a twisted triangular tube along the  
c axis. b, Top view along the c axis of the neighbouring four unit cells in the  
a–b plane. c, An individual a–b plane of Mn3Sn. All distances are in Å. Mn 
moments (arrows) form an inverse triangular spin structure10–12. Each Mn 
moment has the local easy-axis parallel to the in-plane direction towards its 
nearest-neighbour Sn sites. Here, [2110], [1210] and [0001] are the a, b and c 
axes, respectively
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Correspondingly, the Hall conductivity, σH =  − ρH/ρ2, for in-plane 
fields along both [2110] and [0110] shows a large jump and narrow 
hysteresis (Fig. 2c, d). For instance, with B || [0110], σH has large values 
near zero field, ~20 Ω −1 cm−1 at 300 K and nearly 100 Ω −1 cm−1 at 
100 K. This is again quite large for an AFM and comparable to those 
values found in ferromagnetic metals3,17. On the other hand, the Hall 
conductivity for B || [0001] (c axis) shows no hysteresis but only a 
linear field dependence.

The magnetization curve M(B) shows anisotropic hysteresis similar 
to that found for the Hall effect. For example, M versus B || [0110] at 
temperatures between 100 K and 400 K shows a clear hysteresis, indi-
cating that a weak ferromagnetic moment (4–7 mμB per formula unit 
(f.u.)) changes its direction with coercivity of only a few hundred oersted 
(Fig. 3a). Whereas the in-plane M is almost isotropic and has a narrow 
hysteresis, the magnetization shows only a linear dependence on B for 
B || [0001] at all the temperatures measured between 100 K and 450 K 
(Fig. 3b). The similar anisotropic and hysteretic behaviours found in 
both ρH(B) and M(B) indicate that the existence of the small and soft 
ferromagnetic component allows us to switch the sign of the Hall effect. 
Indeed, previous neutron diffraction measurements and theoretical 
analyses clarified that the inverse triangular spin structure has no 

in-plane anisotropy energy up to the fourth-order term10,12, which is 
consistent with the observed small coercivity. This further indicates that 
by rotating the net ferromagnetic moment, one may switch the staggered 
moment direction of the triangular spin structure10,12. This switch 
should be the origin of the sign change of the Hall effect, as we discuss 
below. On heating, this ferromagnetic component vanishes at the Néel 
temperature of 430 K, above which the hysteresis disappears in both the 
T and B dependence of the magnetization (Fig. 3a and its inset).

To reveal the temperature evolution of the spontaneous component 
of the AHE, both the zero-field Hall resistivity ρH(B =  0) and the zero-
field longitudinal resistivity ρ(B =  0) were measured after cooling sam-
ples in a magnetic field of BFC =  7 T from 400 K down to 5 K and 
subsequently setting B to 0 at 5 K (Methods). Figure 4a shows the tem-
perature dependence of the zero-field Hall conductivity  
σH(B =  0) =  − ρH(B =  0)/ρ2(B =  0) obtained after the above field- 
cooling (FC) procedure using three different configurations of the mag-
netic field (BFC) and electric current (I) directions. Here, σzx stands for 
the Hall conductivity obtained after the FC procedure in BFC || [0110] 
with I || [0001], and σyz for BFC || [2110] and I || [0110]. Both show large 
values at low temperatures, and in particular, |σzx| exceeds 100 Ω −1 
cm−1 at T <  80 K. Both |σzx| and |σyz| decrease on heating but still retain 

Figure 2 | Magnetic field dependence of the AHE 
in Mn3Sn. a, Field dependence of the Hall 
resistivity ρH (left axis) and the longitudinal 
resistivity ρ (right axis) at 300 K in the magnetic 
field B [2110] with the electric current I [0110]. 
b, Field dependence of the Hall resistivity ρH at 
various temperatures in B [0110] with I [0001].  
c, d, The Hall conductivity σH versus B measured 
in ,B [2110] [0110] and [0001] obtained at 300 K 
(c) and 100 K (d). e, Magnetization dependence  
of ρH at 300 K. f, Field dependence of 
= − −ρ ρ R B R μ MH

AF
H 0 s 0  at 300 K. The arrows in 

the hexagon at lower left in a and b indicate the 
field and current directions in the hexagonal 
lattice of Mn3Sn.
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Correspondingly, the Hall conductivity, σH =  − ρH/ρ2, for in-plane 
fields along both [2110] and [0110] shows a large jump and narrow 
hysteresis (Fig. 2c, d). For instance, with B || [0110], σH has large values 
near zero field, ~20 Ω −1 cm−1 at 300 K and nearly 100 Ω −1 cm−1 at 
100 K. This is again quite large for an AFM and comparable to those 
values found in ferromagnetic metals3,17. On the other hand, the Hall 
conductivity for B || [0001] (c axis) shows no hysteresis but only a 
linear field dependence.

The magnetization curve M(B) shows anisotropic hysteresis similar 
to that found for the Hall effect. For example, M versus B || [0110] at 
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analyses clarified that the inverse triangular spin structure has no 
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should be the origin of the sign change of the Hall effect, as we discuss 
below. On heating, this ferromagnetic component vanishes at the Néel 
temperature of 430 K, above which the hysteresis disappears in both the 
T and B dependence of the magnetization (Fig. 3a and its inset).
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of the AHE, both the zero-field Hall resistivity ρH(B =  0) and the zero-
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subsequently setting B to 0 at 5 K (Methods). Figure 4a shows the tem-
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the Hall conductivity obtained after the FC procedure in BFC || [0110] 
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values at low temperatures, and in particular, |σzx| exceeds 100 Ω −1 
cm−1 at T <  80 K. Both |σzx| and |σyz| decrease on heating but still retain 
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in Mn3Sn. a, Field dependence of the Hall 
resistivity ρH (left axis) and the longitudinal 
resistivity ρ (right axis) at 300 K in the magnetic 
field B [2110] with the electric current I [0110]. 
b, Field dependence of the Hall resistivity ρH at 
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c, d, The Hall conductivity σH versus B measured 
in ,B [2110] [0110] and [0001] obtained at 300 K 
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FIG. 2. Bulk band structures for (a) Mn3Sn and (b) Mn3Ge along
high-symmetry lines with SOC. The bands near the Z and K (indi-
cated by red circles) are expanded to show details in (a). The Fermi
energy is set to zero.

Z and K points, which are below the Fermi energy. Because
of MzT and the nonsymmorphic symmetry {My|⌧ = c/2}, the
bands are supposed to be quadruply degenerate at the Bril-
louin zone boundary Z, forming a Dirac point protected by
the nonsymmorphic space group38–40. Given the slight mirror
symmetry breaking by the residual net magnetic moment, this
Dirac point is gapped at Z (as shown in the enlarged panel) and
splits into four Weyl points, which are very close to each other
in k space. A tiny gap also appears at the K point. Nearby, two
additional Weyl points appear, too. Since the Weyl point sep-
arations are too small near both Z and K points, these Weyl
points may generate little observable consequence in experi-
ments such as those for studying Fermi arcs. Therefore, we
will not focus on them in the following investigation.

Mn3Sn and Mn3Ge are actually metallic, as seen from the
band structures. However, we retain the terminology of Weyl
semimetal for simplicity and consistency. The valence and
conduction bands cross each many times near the Fermi en-
ergy, generating multiple pairs of Weyl points. We first in-
vestigate the Sn compound. Supposing that the total valence
electron number is Nv, we search for the crossing points be-
tween the N th

v and (Nv + 1)th bands.
As shown in Fig. 3a, there are six pairs of Weyl points

in the first Brillouin zone; these can be classified into three
groups according to their positions, noted as W1, W2, and W3.
These Weyl points lie in the Mz plane (with W2 points be-
ing only slightly o↵ this plane owing to the residual-moment-
induced symmetry breaking) and slightly above the Fermi en-
ergy. Therefore, there are four copies for each of them accord-
ing to the symmetry analysis in Eq. 2. Their representative co-
ordinates and energies are listed in Table I and also indicated
in Fig. 3a. A Weyl point (e.g., W1 in Figs. 3b and 3c) acts as
a source or sink of the Berry curvature⌦, clearly showing the
monopole feature with a definite chirality.

In contrast to Mn3Sn, Mn3Ge displays many more Weyl
points. As shown in Fig. 4a and listed in Table II, there are
nine groups of Weyl points. Here W1,2,7,9 lie in the Mz plane
with W9 on the ky axis, W4 appears in the Mx plane, and
the others are in generic positions. Therefore, there are four
copies of W1,2,7,4, two copies of W9, and eight copies of other
Weyl points. Although there are many other Weyl points in
higher energies owing to di↵erent band crossings, we mainly

FIG. 3. Surface states of Mn3Sn. (a) Distribution of Weyl points in
momentum space. Black and white points represent Weyl points with
� and + chirality, respectively. (b) and (c) Monopole-like distribution
of the Berry curvature near a W1 Weyl point. (d) Fermi surface at
EF = 86 meV crossing the W1 Weyl points. The color represents
the surface LDOS. Two pairs of W1 points are shown enlarged in the
upper panels, where clear Fermi arcs exist. (e) Surface band structure
along a line connecting a pair of W1 points with opposite chirality.
(f) Surface band structure along the white horizontal line indicated in
(d). Here p1 and p2 are the chiral states corresponding to the Fermi
arcs.

focus on the current Weyl points that are close to the Fermi
energy. The monopole-like distribution of the Berry curva-
ture near these Weyl points is verified; see W1 in Fig. 4 as
an example. Without including SOC, we observed a nodal-
ring-like band crossing in the band structures of both Mn3Sn
and Mn3Ge. SOC gaps the nodal rings but leaves isolating
band-touching points, i.e., Weyl points. Since Mn3Sn exhibits
stronger SOC than Mn3Ge, many Weyl points with opposite
chirality may annihilate each other by being pushed by the
strong SOC in Mn3Sn. This might be why Mn3Sn exhibits
fewer Weyl points than Mn3Ge.

C. Fermi arcs on the surface

The existence of Fermi arcs on the surface is one of the
most significant consequences of Weyl points inside the three-
dimensional (3D) bulk. We first investigate the surface states
of Mn3Sn that have a simple bulk band structure with fewer
Weyl points. When projecting W2,3 Weyl points to the (001)
surface, they overlap with other bulk bands that overwhelm
the surface states. Luckily, W1 Weyl points are visible on
the Fermi surface. When the Fermi energy crosses them,

3
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the surface states. Luckily, W1 Weyl points are visible on
the Fermi surface. When the Fermi energy crosses them,

ab initio finds Weyl points and surface Fermi arcs
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FIG. 2. Bulk band structures for (a) Mn3Sn and (b) Mn3Ge along
high-symmetry lines with SOC. The bands near the Z and K (indi-
cated by red circles) are expanded to show details in (a). The Fermi
energy is set to zero.

Z and K points, which are below the Fermi energy. Because
of MzT and the nonsymmorphic symmetry {My|⌧ = c/2}, the
bands are supposed to be quadruply degenerate at the Bril-
louin zone boundary Z, forming a Dirac point protected by
the nonsymmorphic space group38–40. Given the slight mirror
symmetry breaking by the residual net magnetic moment, this
Dirac point is gapped at Z (as shown in the enlarged panel) and
splits into four Weyl points, which are very close to each other
in k space. A tiny gap also appears at the K point. Nearby, two
additional Weyl points appear, too. Since the Weyl point sep-
arations are too small near both Z and K points, these Weyl
points may generate little observable consequence in experi-
ments such as those for studying Fermi arcs. Therefore, we
will not focus on them in the following investigation.

Mn3Sn and Mn3Ge are actually metallic, as seen from the
band structures. However, we retain the terminology of Weyl
semimetal for simplicity and consistency. The valence and
conduction bands cross each many times near the Fermi en-
ergy, generating multiple pairs of Weyl points. We first in-
vestigate the Sn compound. Supposing that the total valence
electron number is Nv, we search for the crossing points be-
tween the N th

v and (Nv + 1)th bands.
As shown in Fig. 3a, there are six pairs of Weyl points

in the first Brillouin zone; these can be classified into three
groups according to their positions, noted as W1, W2, and W3.
These Weyl points lie in the Mz plane (with W2 points be-
ing only slightly o↵ this plane owing to the residual-moment-
induced symmetry breaking) and slightly above the Fermi en-
ergy. Therefore, there are four copies for each of them accord-
ing to the symmetry analysis in Eq. 2. Their representative co-
ordinates and energies are listed in Table I and also indicated
in Fig. 3a. A Weyl point (e.g., W1 in Figs. 3b and 3c) acts as
a source or sink of the Berry curvature⌦, clearly showing the
monopole feature with a definite chirality.

In contrast to Mn3Sn, Mn3Ge displays many more Weyl
points. As shown in Fig. 4a and listed in Table II, there are
nine groups of Weyl points. Here W1,2,7,9 lie in the Mz plane
with W9 on the ky axis, W4 appears in the Mx plane, and
the others are in generic positions. Therefore, there are four
copies of W1,2,7,4, two copies of W9, and eight copies of other
Weyl points. Although there are many other Weyl points in
higher energies owing to di↵erent band crossings, we mainly

FIG. 3. Surface states of Mn3Sn. (a) Distribution of Weyl points in
momentum space. Black and white points represent Weyl points with
� and + chirality, respectively. (b) and (c) Monopole-like distribution
of the Berry curvature near a W1 Weyl point. (d) Fermi surface at
EF = 86 meV crossing the W1 Weyl points. The color represents
the surface LDOS. Two pairs of W1 points are shown enlarged in the
upper panels, where clear Fermi arcs exist. (e) Surface band structure
along a line connecting a pair of W1 points with opposite chirality.
(f) Surface band structure along the white horizontal line indicated in
(d). Here p1 and p2 are the chiral states corresponding to the Fermi
arcs.

focus on the current Weyl points that are close to the Fermi
energy. The monopole-like distribution of the Berry curva-
ture near these Weyl points is verified; see W1 in Fig. 4 as
an example. Without including SOC, we observed a nodal-
ring-like band crossing in the band structures of both Mn3Sn
and Mn3Ge. SOC gaps the nodal rings but leaves isolating
band-touching points, i.e., Weyl points. Since Mn3Sn exhibits
stronger SOC than Mn3Ge, many Weyl points with opposite
chirality may annihilate each other by being pushed by the
strong SOC in Mn3Sn. This might be why Mn3Sn exhibits
fewer Weyl points than Mn3Ge.

C. Fermi arcs on the surface

The existence of Fermi arcs on the surface is one of the
most significant consequences of Weyl points inside the three-
dimensional (3D) bulk. We first investigate the surface states
of Mn3Sn that have a simple bulk band structure with fewer
Weyl points. When projecting W2,3 Weyl points to the (001)
surface, they overlap with other bulk bands that overwhelm
the surface states. Luckily, W1 Weyl points are visible on
the Fermi surface. When the Fermi energy crosses them,
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In ferromagnetic conductors, an electric current may induce 
a transverse voltage drop in zero applied magnetic field: this 
anomalous Hall effect1 is observed to be proportional to 
magnetization, and thus is not usually seen in antiferromagnets in 
zero field2. Recent developments in theory and experiment have 
provided a framework for understanding the anomalous Hall 
effect using Berry-phase concepts3, and this perspective has led to 
predictions that, under certain conditions, a large anomalous Hall 
effect may appear in spin liquids and antiferromagnets without net 
spin magnetization4–8. Although such a spontaneous Hall effect has 
now been observed in a spin liquid state9, a zero-field anomalous 
Hall effect has hitherto not been reported for antiferromagnets. 
Here we report empirical evidence for a large anomalous Hall effect 
in an antiferromagnet that has vanishingly small magnetization. 
In particular, we find that Mn3Sn, an antiferromagnet that has  
a non-collinear 120-degree spin order10,11, exhibits a large ano-
malous Hall conductivity of around 20 per ohm per centimetre at 
room temperature and more than 100 per ohm per centimetre at 
low temperatures, reaching the same order of magnitude as in 
ferromagnetic metals3. Notably, the chiral antiferromagnetic state 
has a very weak and soft ferromagnetic moment of about 0.002 
Bohr magnetons per Mn atom (refs 10, 12), allowing us to switch 
the sign of the Hall effect with a small magnetic field of around a 
few hundred oersted. This soft response of the large anomalous 
Hall effect could be useful for various applications including 
spintronics—for example, to develop a memory device that produces 
almost no perturbing stray fields.

Mn3Sn is a hexagonal antiferromagnet (AFM) that exhibits non- 
collinear ordering of Mn magnetic moments at the Néel temperature 
of TN ≈  420 K (refs 10, 11, 13). The system has a hexagonal Ni3Sn-type 
structure with space group P63/mmc (Fig. 1a). The structure is stable 
only in the presence of excess Mn, which randomly occupies the Sn 
site13. The basal plane projection of the Mn sublattice can be viewed 
as a triangular lattice arrangement of a twisted triangular tube made 
of face-sharing octahedra (Fig. 1a, b). Each a–b plane consists of a 
slightly distorted kagome lattice of Mn moments each of ~3 μB (where 
μ B is the Bohr magneton), and the associated geometrical frustration 
manifests itself as an inverse triangular spin structure that carries 
a very small net ferromagnetic moment of ~0.002 μB per Mn atom  
(Fig. 1c)10,11. All Mn moments lie in the a–b plane and form a chiral 
spin texture with an opposite vector chirality to the usual 120° struc-
ture (Extended Data Fig. 1). This inverse triangular configuration 
has an orthorhombic symmetry, and only one of the three moments 
in each Mn triangle is parallel to the local easy-axis10–12 (Fig. 1c). 
Thus, the canting of the other two spins towards the local easy-axis is 
considered to be the origin of the weak ferromagnetic moment10–12.

It is known that as-grown crystals retain the inverse triangular spin 
state over a wide temperature (T) range between TN and ∼ 50 K (ref. 14). 
At low temperatures, a cluster glass phase appears with a large c-axis 
ferromagnetic component due to spin canting towards the c axis11,15,16.  
In this work, we used as-grown single crystals that have the 

composition Mn3.02Sn0.98 and confirmed no transition except the one 
at 50 K (Methods). As the detailed spin structure is unknown for the 
low temperature phase, here we focus on the phase stable above 50 K, 
and use ‘Mn3Sn’ to refer to our crystals for clarity.

We first show our main experimental evidence for the large anom-
alous Hall effect (AHE) at room temperature. Figure 2a presents the 
field dependence of the Hall resistivity, ρ H(B), obtained at 300 K for 
the field along [2110] (a axis). ρH(B) exhibits a clear hysteresis loop 
with a sizable jump of |Δ ρH| ≈  6 μ Ω  cm. This is strikingly large for an 
AFM, and is larger than those found in elemental transition metal 
ferromagnets (FMs) such as Fe, Co and Ni (refs 2, 3, 17). Notably, the 
sign change occurs at a small field of ~300 Oe. Furthermore, the hys-
teresis remains sharp and narrow in all the temperature range 
between 100 K and 400 K (Fig. 2b). In this temperature region, a large 
anomaly as a function of field has been seen only in the Hall resistiv-
ity. The longitudinal resistivity ρ(B) remains constant except for 
spikes at the critical fields where the Hall resistivity jumps (Fig. 2a). 
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Figure 1 | Crystal and magnetic structures of Mn3Sn. a, The 
crystallographic unit cell of Mn3Sn. Although there is only one 
crystallographic site for both Mn and Sn, different colours are used to 
distinguish those in the z =  0 plane and in the z =  1/2 plane. In addition to 
the unit cell frame, Mn atoms are connected by lines to illustrate that the 
face-sharing octahedra of Mn atoms form a twisted triangular tube along the  
c axis. b, Top view along the c axis of the neighbouring four unit cells in the  
a–b plane. c, An individual a–b plane of Mn3Sn. All distances are in Å. Mn 
moments (arrows) form an inverse triangular spin structure10–12. Each Mn 
moment has the local easy-axis parallel to the in-plane direction towards its 
nearest-neighbour Sn sites. Here, [2110], [1210] and [0001] are the a, b and c 
axes, respectively
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In ferromagnetic conductors, an electric current may induce 
a transverse voltage drop in zero applied magnetic field: this 
anomalous Hall effect1 is observed to be proportional to 
magnetization, and thus is not usually seen in antiferromagnets in 
zero field2. Recent developments in theory and experiment have 
provided a framework for understanding the anomalous Hall 
effect using Berry-phase concepts3, and this perspective has led to 
predictions that, under certain conditions, a large anomalous Hall 
effect may appear in spin liquids and antiferromagnets without net 
spin magnetization4–8. Although such a spontaneous Hall effect has 
now been observed in a spin liquid state9, a zero-field anomalous 
Hall effect has hitherto not been reported for antiferromagnets. 
Here we report empirical evidence for a large anomalous Hall effect 
in an antiferromagnet that has vanishingly small magnetization. 
In particular, we find that Mn3Sn, an antiferromagnet that has  
a non-collinear 120-degree spin order10,11, exhibits a large ano-
malous Hall conductivity of around 20 per ohm per centimetre at 
room temperature and more than 100 per ohm per centimetre at 
low temperatures, reaching the same order of magnitude as in 
ferromagnetic metals3. Notably, the chiral antiferromagnetic state 
has a very weak and soft ferromagnetic moment of about 0.002 
Bohr magnetons per Mn atom (refs 10, 12), allowing us to switch 
the sign of the Hall effect with a small magnetic field of around a 
few hundred oersted. This soft response of the large anomalous 
Hall effect could be useful for various applications including 
spintronics—for example, to develop a memory device that produces 
almost no perturbing stray fields.

Mn3Sn is a hexagonal antiferromagnet (AFM) that exhibits non- 
collinear ordering of Mn magnetic moments at the Néel temperature 
of TN ≈  420 K (refs 10, 11, 13). The system has a hexagonal Ni3Sn-type 
structure with space group P63/mmc (Fig. 1a). The structure is stable 
only in the presence of excess Mn, which randomly occupies the Sn 
site13. The basal plane projection of the Mn sublattice can be viewed 
as a triangular lattice arrangement of a twisted triangular tube made 
of face-sharing octahedra (Fig. 1a, b). Each a–b plane consists of a 
slightly distorted kagome lattice of Mn moments each of ~3 μB (where 
μ B is the Bohr magneton), and the associated geometrical frustration 
manifests itself as an inverse triangular spin structure that carries 
a very small net ferromagnetic moment of ~0.002 μB per Mn atom  
(Fig. 1c)10,11. All Mn moments lie in the a–b plane and form a chiral 
spin texture with an opposite vector chirality to the usual 120° struc-
ture (Extended Data Fig. 1). This inverse triangular configuration 
has an orthorhombic symmetry, and only one of the three moments 
in each Mn triangle is parallel to the local easy-axis10–12 (Fig. 1c). 
Thus, the canting of the other two spins towards the local easy-axis is 
considered to be the origin of the weak ferromagnetic moment10–12.

It is known that as-grown crystals retain the inverse triangular spin 
state over a wide temperature (T) range between TN and ∼ 50 K (ref. 14). 
At low temperatures, a cluster glass phase appears with a large c-axis 
ferromagnetic component due to spin canting towards the c axis11,15,16.  
In this work, we used as-grown single crystals that have the 

composition Mn3.02Sn0.98 and confirmed no transition except the one 
at 50 K (Methods). As the detailed spin structure is unknown for the 
low temperature phase, here we focus on the phase stable above 50 K, 
and use ‘Mn3Sn’ to refer to our crystals for clarity.

We first show our main experimental evidence for the large anom-
alous Hall effect (AHE) at room temperature. Figure 2a presents the 
field dependence of the Hall resistivity, ρ H(B), obtained at 300 K for 
the field along [2110] (a axis). ρH(B) exhibits a clear hysteresis loop 
with a sizable jump of |Δ ρH| ≈  6 μ Ω  cm. This is strikingly large for an 
AFM, and is larger than those found in elemental transition metal 
ferromagnets (FMs) such as Fe, Co and Ni (refs 2, 3, 17). Notably, the 
sign change occurs at a small field of ~300 Oe. Furthermore, the hys-
teresis remains sharp and narrow in all the temperature range 
between 100 K and 400 K (Fig. 2b). In this temperature region, a large 
anomaly as a function of field has been seen only in the Hall resistiv-
ity. The longitudinal resistivity ρ(B) remains constant except for 
spikes at the critical fields where the Hall resistivity jumps (Fig. 2a). 
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Figure 1 | Crystal and magnetic structures of Mn3Sn. a, The 
crystallographic unit cell of Mn3Sn. Although there is only one 
crystallographic site for both Mn and Sn, different colours are used to 
distinguish those in the z =  0 plane and in the z =  1/2 plane. In addition to 
the unit cell frame, Mn atoms are connected by lines to illustrate that the 
face-sharing octahedra of Mn atoms form a twisted triangular tube along the  
c axis. b, Top view along the c axis of the neighbouring four unit cells in the  
a–b plane. c, An individual a–b plane of Mn3Sn. All distances are in Å. Mn 
moments (arrows) form an inverse triangular spin structure10–12. Each Mn 
moment has the local easy-axis parallel to the in-plane direction towards its 
nearest-neighbour Sn sites. Here, [2110], [1210] and [0001] are the a, b and c 
axes, respectively
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To do:

• Nano-scale transport probes of non-
trivial domain walls

• Nature of Z6 vortices

• Possible role of fluctuations of 
magnetic texture
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U(1) spin liquid?

Lot’s of experiments - Many claims - not clearly observed.

possible difficulties:
•competing interactions
•too low temperature
•disorder
•experiments are hard
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normalizing the AF interaction to j!Wj ! 1:7 K. Below
j!Wj, the underscreened moments show spin-liquid behav-
ior as indicated by the lnT dependence of the susceptibility
and the T1=2 dependence of the specific heat, as predicted
for a frustrated Kondo lattice [6,7].

Single crystals of Pr2Ir2O7 of 1 mm3 in size were grown
using a flux method for the first time at Kyoto [9]. A
standard four-probe method was employed for resistivity
measurements. Magnetotransport measurements were per-
formed at the NHMFL dc field facility using a sample
rotator. Specific heat CP was measured by the thermal
relaxation method down to 0.35 K. Magnetization mea-
surements between 1.8 and 350 K were performed using a
commercial SQUID magnetometer. Magnetization be-
tween 0.07 and 2.5 K and at fields up to 13 T was measured
by the Faraday balance method using a dilution refrigerator
at ISSP [10]. Single crystal four-axis x-ray diffraction
analysis performed at LSU confirmed a well-ordered py-
rochlore structure with Fd-3m symmetry with a !
10:3940"4# !A (300 K) and 10.3850(4) Å (105 K) [9].
Energy dispersive x-ray analysis measurements found no
trace of impurities.

The metallic transport of Pr2Ir2O7 is shown in Fig. 1.
No anisotropy was found with respect to the current
direction. The resistivity ""T# steeply decreases on cool-
ing and saturates at a large residual resistivity "0 $
360 #" cm. On the other hand, a carrier density of 2:6%
1020 cm&3 (1:8%=Pr ), estimated from our preliminary
Hall effect measurements at low T, yields a mobility of
$70 cm2=V sec for a single carrier model. This confirms
the high quality of our single crystals, and shows that the
low carrier density is the origin of the large "0.

The crystal electric field (CEF) scheme of Pr3' has been
determined by inelastic neutron scattering measurements
at 5 K [11]. Our analysis reveals the following two points:
(i) nine multiplet levels of Pr3' split into a ground-state
doublet, three excited-singlets (162, 1218, 1392 K) and
two excited doublets (580, 1044 K); and (ii) the #3 ground-
state doublet is magnetic with local h111i Ising anisotropy
whose strength is $160 K. Because of the large separation
between CEF levels, the magnetism discussed below
comes solely from the ground doublet.

The inverse susceptibility "$& $0#&1"T# is shown in
Fig. 1. No anisotropy is found under a field of 0.1 T
applied along (100), (110), and (111). $0!1:25%
10&3 emu=mole-Pr is determined by a Curie-Weiss (CW)
analysis above 100 K using the formula $ ! $0 ' C="T &
T*#. This agrees with the sum of the Van Vleck term ($vv!
7:0%10&4 emu=mole-Pr), as estimated from the above
CEF scheme, and a Pauli paramagnetic term ($p $ 5:0%
10&4 emu=mole-Ir) from the Ir 5d-conduction electrons,
as in the metallic phase of "Y;Ca#2Ir2O7 [12]. The effective
moment gJ

!!!!!!!!!!!!!!!!!!!!!
Jz"Jz ' 1#

p
! 3:06#B for the ground doublet

is lower than the Pr3' multiplet value (3:62#B) due to the
CEF. The AF Weiss temperature T* ! &20:0 K is most
likely due to the RKKY interactions of the 4f moments for

the following three reasons. (i) CW analysis of the suscep-
tibility $CEF"T# computed using the above CEF scheme
indicates a negligibly small CEF contribution ('0:77 K) to
T* (Fig. 1). (ii) Single-ion Kondo coupling cannot be as
large as 20 K. In fact, few Pr-based compounds show
Kondo effect because of Hund coupling in the Pr3' 4f2

configuration which strongly reduces the Kondo tempera-
ture TK [13]. Moreover, the low carrier concentration
should also considerably decrease TK [14]. (iii) The 4f
moment superexchange and dipolar interactions in insulat-
ing pyrochlore magnets are normally of the scale of $1 K.
Actually, T* ! '0:35 K for Pr2Sn2O7, an insulating ana-
log of Pr2Ir2O7 [15]. Thus, a several orders of magnitude
stronger T* indicates that it is due to the RKKY interaction.

Normally, one expects a Pr-based low carrier system like
Pr2Ir2O7 to be deep in a magnetic regime, and to exhibit
magnetic LRO at the intersite interaction scale jT*j, if the
system has no magnetic frustration [16]. Remarkably,
however, no anomalies due to a magnetic transition were
detected in $"T#, except for freezing at Tf ! 120 mK
(Fig. 2). A large ratio jT*j=Tf ! 170 is a strong indication
of frustrated magnetism in Pr2Ir2O7. In addition, an
anomalous lnT dependence of $"T# was observed over a
decade of T between Tf and 1.4 K. This diverging $"T# as
T ! 0 K, combined with an exact pyrochlore lattice sym-
metry, confirmed by single crystal x ray, excludes the
possibility that the non-Kramers ground doublet is split
into nonmagnetic singlets. Instead, this lnT dependence,
distinct from the mean-field CW behavior, indicates that
the 4f moments are strongly fluctuating even at T + jT*j
owing to the magnetic frustration, forming a liquidlike
short-range order. In addition, the zero-field-cooled
(ZFC) $"T# only levels off below Tf as set by a bifurcation
of the field-cooled and ZFC curves (inset of Fig. 2).
Normally for spin glasses, the ZFC curve is expected to
show a steep decrease below Tf because most spins get
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Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.

NATURE |Vol 463 | 14 January 2010 LETTERS

211
Macmillan Publishers Limited. All rights reserved©2010

Y. Machida et al, 2006

spontaneous 
zero field Hall 

effect



Some recent clues

• The system is close to a zero field QCP

• The electrons are not very important for 
the thermodynamics of the QCP

• An ordered state can be induced in the 
lab and characterized, possibly 
identifying the “other side” of the QCP
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been predicted for itinerant systems with a large Fermi volume,
suggesting our system be placed within the ‘PS’ sector in the phase
diagram. Several novel quantum phases such as unconventional
superconductivity27 or electronic nematic ordering28 have been
found in clean metals near quantum critical points. In this respect
the state below 0.4 K in Pr2Ir2O7 requires further attention.

Methods
Single crystals of Pr2I2O7 were grown by the flux method, described in detail in
ref. 29. The magnetic Grüneisen ratio �H =1/T (dT/dH)S was obtained by
measuring the magnetocaloric e�ect (dT/dH)S by means of the alternating field
technique30 in a dilution refrigerator equipped with a superconducting magnet.
Specific heat was measured by the quasi-adiabatic heat pulse method in a dilution
refrigerator. The equilibration time window was fixed to 5 s above 0.4 K and was
varied continuously from 5 to 40 s from 0.4 to 0.1 K, as the heat flow within the
sample becomes slow owing to the large nuclear specific heat. Specific heat
measurements in the high-temperature region above 2K were performed using a
commercial Quantum Design Physical Property Measurement System.
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Magnetic Gruneisen parameter

Classification of materials with divergent magnetic Grüneisen parameter

Philipp Gegenwart
EP VI, Center for Electronic Correlations and Magnetism,

Institute of Physics, Augsburg University, 86159 Augsburg, Germany

At any quantum critical point (QCP) with a critical magnetic field H
c

, the magnetic Grüneisen
parameter �H, which equals the adiabatic magnetocaloric e↵ect, is predicted to show characteristic
signatures such as a divergence, sign change and T/(H�H

c

)✏ scaling. We categorize thirteen mate-
rials, ranging from heavy fermion metals to frustrated magnets, where such experimental signatures
have been found. Remarkably, seven stoichiometric materials at ambient pressure show H

c

= 0.
However, additional thermodynamic and magnetic experiments suggest that most of them do not
show a zero-field QCP. While the existence of a pressure insensitive “strange metal” state is one
possibility, for some of the materials �H seems influenced by impurities or a fraction of moments
which are not participating in a frozen state. To unambiguously prove zero-field and pressure sen-
sitive quantum criticality, a �H divergence is insu�cient and also the Grüneisen ratio of thermal
expansion to specific heat must diverge.

I. INTRODUCTION

Motivated by the theoretical proposal of a universal divergence in the approach of a quantum critical point (QCP) [1,
2], the Grüneisen ratio as well as its counterpart, the magnetic Grüneisen parameter, have been studied for various
strongly correlated electron systems in recent years [3–8]. The Grüneisen ratio

� ⇠ ↵

C
⇠ (dS/dp)

T (dS/dT )
(1)

of thermal expansion ↵ divided by specific heat C is temperature independent, if the entropy S can be scaled in the
form f(T/E?) with single energy scale E?, for example Tc for a classical phase transition or the Fermi temperature
for a metal [1]. In case of a QCP there is however no fixed energy scale and as detailed below the Grüneisen ratio is
expected to display a universal divergence.

While the Grüneisen ratio probes the sensitivity to changes of pressure, in many cases the magnetic field has been
used as control parameter. The magnetic Grüneisen parameter is defined as

�H = �dM/dT

C
=

1

T
(
dT

dH
)S , (2)

where M , T , C and S denote the magnetization, temperature, heat capacity and entropy, respectively. Whenever a
QCP is driven by a magnetic field H the control parameter r can be defined, as r = (H �Hc)/H0, where Hc is the
critical field and H0 denotes a constant (which is a characteristic field of the material) [2]. In the scaling regime close
to a QCP, the correlation length of order parameter fluctuations ⇠ ⇠ |r|⌫ diverges with exponent ⌫. The temporal
criticality is characterized by ⇠⌧ ⇠ ⇠z with dynamical critical exponent z. The Grüneisen parameter diverges upon
approaching the QCP at r = 0 following T�1/(⌫z) or respectively at T = 0 according to r�1 with universal prefactor
Gr = ⌫(d� z) [1, 2].

Such divergences have been found in magnetic Grüneisen parameter measurements on various strongly correlated
electron systems in recent years, which are listed in Table 1 [8, 9, 11–16, 19–23]. The table does not include low
dimensional spin systems for which the magnetic Grüneisen parameter has been investigated experimentally and
theoretically near field-induced quantum phase transitions [24–26]. Due to perturbing interactions it is often di�cult
to approach the asymptotic low-temperature power law behavior of �H for such systems. The first four entries of the
table concern materials with a QCP at finite magnetic field, while in all subsequent cases the critical field is zero. The
paramagnetic heavy fermion metals CeNi2Ge2 and YbCo2Zn20 have been driven towards a zero-field QCP by suitable
chemical substitution [8, 14]. However, there is a remarkably huge number of undoped materials, for which the critical
field is zero within experimental accuracy. It seems very surprising, that a compound is located accidentally at a QCP
without need to fine tune composition, pressure or magnetic field. As we will discuss in this article, indeed many of
those materials do not display generic (pressure-sensitive) quantum criticality and the magnetic Grüneisen parameter
divergence has other origin. Aim of this article is to categorize materials for which a divergence of the magnetic
Grüneisen parameter and temperature over field scaling with zero critical field has been reported. In the following, we
first discuss field-induced quantum criticality (section 2) and quantum criticality in geometrically frustrated systems
(section 3). The subsequent section 4 is dedicated to quantum criticality and superconductivity. Section 5 deals with
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Figure 3 | Divergent behaviour of the magnetic Grüneisen ratio, �H, of
Pr2Ir2O7 as function of temperature. �H is measured at magnetic fields
applied parallel to the [111] direction. The divergence with a power law
⇠T�3/2 is indicated by the grey solid line. Arrow at 0.4 K indicates the
temperature below which �H deviates from the power-law divergence.
Inset shows the field dependence of the constant �H values in the
low-temperature quantum paramagnetic regime at T !0. Grey solid line
indicates 0.25/H.

ice state, it also suppresses quantum criticality. As the magnetic
field is increased, �H/H becomes independent of temperature
at lowest temperatures, indicating the formation of a quantum
paramagnetic state; that is, a non-critical quantum spin liquid.
Assuming universal scaling near a QCP (ref. 19), it is theoretically
expected that �H =�Gr/(H �Hc) in the quantum paramagnetic
state. The universal prefactor Gr = ⌫(d � y0z)/y0 is determined
by the dimensionality d and the exponent y0 of the temperature
dependence of the specific heat (C ⇠Ty0 ). For Pr2Ir2O7 the large
uncertainty in the subtraction of the nuclear specific heat makes it
impossible to reliably determine y0. The constant�H values obtained
at lowest temperatures follow the expected (H �Hc)

�1 dependence
and are remarkably well fitted by Hc = 0 ± 0.04 T, suggesting a
zero-field QCP (Fig. 3 inset). As explained in the Supplementary
Information, slightly di�erent scaling relations are expected in such
a case, because of the quadratic coupling ofH with order parameter.
As a result, the Grüneisen ratio �HH = f (T/H 2⌫z), where f is a
universal scaling function. Furthermore, for T ! 0, the magnetic
Grüneisen ratio diverges toward zero field as �H = �2Gr/H in
the case Hc = 0. Experimentally, we found 2Gr =�0.25± 0.03 for
H k[111]. A slight deviation from the�H =�2Gr/H scaling is found
above 2 T, on approaching the transition to the 3-in 1-out state at
2.3 T (ref. 10), which breaks the ice-rule. Thus, quantum criticality
is related to the degeneracy within the spin ice state.

We further examine quantum criticality in Pr2Ir2O7 by rescaling
the �H data. In Fig. 4 the magnetic Grüneisen ratio data are shown
as �HH versus T /H 4/3. The measured data collapse on a common
curve for about four decades in the x-axis and more than three
decades in the y-axis. This confirms that the system is located at a
zero-fieldQCP. The scaling plot clearly shows the crossover between
the quantum critical and quantum paramagnetic states, which
are characterized by �H ⇠HT�3/2 and �H = 0.25/H (temperature
independent), respectively (also see inset of Fig. 3). There is a certain
regime in temperature–field phase space for which scaling does
not hold. At low fields, this includes temperatures below 0.4 K and
extends up to about 0.35 T, whereas at larger fields all data follow
scaling down to lowest temperatures. The same scaling behaviour
of �HH versus HT�3/2 is found also for H k[100] (Supplementary
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Figure 4 | Evidence of a zero-field quantum critical point in Pr2Ir2O7.
Quantum critical scaling of the magnetic Grüneisen ratio, �H, is shown by
plotting �HH versus T/H4/3. The magnetic field is applied parallel to the
[111] direction. Data points from the phase space regime, indicated by a
blue dotted line in Fig. 5, that deviate from the scaling behaviour are plotted
in pastel colours. Constant �HH=0.25 in the quantum paramagnetic state
is indicated by a grey dotted line. The arrow at 1.5 T/H4/3 indicates the
crossover temperature between the quantum paramagnetic and quantum
critical behaviour. Solid grey line indicates the HT�3/2 dependence of �H
within the quantum critical state.

Fig. 3). However, the value of 2Gr =�0.37± 0.03 in the quantum
paramagnetic state at low temperatures is di�erent from �0.25 for
H k[111]. As the field direction of [111] is known as a special
direction, stabilizing the kagome-ice state24, the anisotropy of Gr
may be a result of quantum paramagnetic states with di�erent y0
along the two field directions. Generically, as found, for example,
for the QCP in CeCoIn5 (ref. 25), Gr is isotropic (see discussion in
the Supplementary Information).

Figure 5 shows the T–H phase diagram, where the colour coding
indicates the size of the magnetic Grüneisen ratio, which exhibits
quantum critical scaling for temperatures below 3K and fields
below 2T. Only very close to the zero-field QCP this scaling is
violated in a regime, which is bound by the blue dotted line. In
the absence of a clear phase transition the nature of this state
is unknown.

The experimentally observed scaling exponents allow one to
characterize quantum criticality in Pr2Ir2O7. If quantum criticality is
governed by a single diverging timescale19, the magnetic Grüneisen
ratio scales like T/(H)2⌫z , yielding ⌫z=2/3. This di�ers from the
expectation within the itinerant Hertz–Millis–Moriya theory for
magnetic QCPs. The latter predicts ⌫z=1 for antiferromagnetism
and ⌫z=3/2 for ferromagnetism19. As our system has a local
moment character and only a very weak Kondo interaction, it
is not surprising that the observed exponents di�er from the
itinerant model for spin-density-wave instabilities. Furthermore,
within the quantum paramagnetic state we observe �HH =0.25 and
0.37, implying �⌫(d � y0z)/y0 =0.125 and 0.185 for H k[111] and
[100], respectively. These relations will place strong constraints on
theoretical modelling of quantum criticality in Pr2Ir2O7 (ref. 26).

The previous observation of a spontaneous Hall e�ect, despite
the absence of dipolar magnetic order, suggests a chiral spin liquid
state in the temperature range10 where our study reveals zero-
field quantum criticality. Taken together, these observations support
a novel type of ‘quantum critical spin liquid’ state that may be
expected from the global phase diagram of Kondo lattice materials.
The observed quantum critical scaling is di�erent from what has
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Classification of materials with divergent magnetic Grüneisen parameter

Philipp Gegenwart
EP VI, Center for Electronic Correlations and Magnetism,

Institute of Physics, Augsburg University, 86159 Augsburg, Germany

At any quantum critical point (QCP) with a critical magnetic field H
c

, the magnetic Grüneisen
parameter �H, which equals the adiabatic magnetocaloric e↵ect, is predicted to show characteristic
signatures such as a divergence, sign change and T/(H�H

c

)✏ scaling. We categorize thirteen mate-
rials, ranging from heavy fermion metals to frustrated magnets, where such experimental signatures
have been found. Remarkably, seven stoichiometric materials at ambient pressure show H

c

= 0.
However, additional thermodynamic and magnetic experiments suggest that most of them do not
show a zero-field QCP. While the existence of a pressure insensitive “strange metal” state is one
possibility, for some of the materials �H seems influenced by impurities or a fraction of moments
which are not participating in a frozen state. To unambiguously prove zero-field and pressure sen-
sitive quantum criticality, a �H divergence is insu�cient and also the Grüneisen ratio of thermal
expansion to specific heat must diverge.

I. INTRODUCTION

Motivated by the theoretical proposal of a universal divergence in the approach of a quantum critical point (QCP) [1,
2], the Grüneisen ratio as well as its counterpart, the magnetic Grüneisen parameter, have been studied for various
strongly correlated electron systems in recent years [3–8]. The Grüneisen ratio

� ⇠ ↵

C
⇠ (dS/dp)

T (dS/dT )
(1)

of thermal expansion ↵ divided by specific heat C is temperature independent, if the entropy S can be scaled in the
form f(T/E?) with single energy scale E?, for example Tc for a classical phase transition or the Fermi temperature
for a metal [1]. In case of a QCP there is however no fixed energy scale and as detailed below the Grüneisen ratio is
expected to display a universal divergence.

While the Grüneisen ratio probes the sensitivity to changes of pressure, in many cases the magnetic field has been
used as control parameter. The magnetic Grüneisen parameter is defined as

�H = �dM/dT

C
=

1

T
(
dT

dH
)S , (2)

where M , T , C and S denote the magnetization, temperature, heat capacity and entropy, respectively. Whenever a
QCP is driven by a magnetic field H the control parameter r can be defined, as r = (H �Hc)/H0, where Hc is the
critical field and H0 denotes a constant (which is a characteristic field of the material) [2]. In the scaling regime close
to a QCP, the correlation length of order parameter fluctuations ⇠ ⇠ |r|⌫ diverges with exponent ⌫. The temporal
criticality is characterized by ⇠⌧ ⇠ ⇠z with dynamical critical exponent z. The Grüneisen parameter diverges upon
approaching the QCP at r = 0 following T�1/(⌫z) or respectively at T = 0 according to r�1 with universal prefactor
Gr = ⌫(d� z) [1, 2].

Such divergences have been found in magnetic Grüneisen parameter measurements on various strongly correlated
electron systems in recent years, which are listed in Table 1 [8, 9, 11–16, 19–23]. The table does not include low
dimensional spin systems for which the magnetic Grüneisen parameter has been investigated experimentally and
theoretically near field-induced quantum phase transitions [24–26]. Due to perturbing interactions it is often di�cult
to approach the asymptotic low-temperature power law behavior of �H for such systems. The first four entries of the
table concern materials with a QCP at finite magnetic field, while in all subsequent cases the critical field is zero. The
paramagnetic heavy fermion metals CeNi2Ge2 and YbCo2Zn20 have been driven towards a zero-field QCP by suitable
chemical substitution [8, 14]. However, there is a remarkably huge number of undoped materials, for which the critical
field is zero within experimental accuracy. It seems very surprising, that a compound is located accidentally at a QCP
without need to fine tune composition, pressure or magnetic field. As we will discuss in this article, indeed many of
those materials do not display generic (pressure-sensitive) quantum criticality and the magnetic Grüneisen parameter
divergence has other origin. Aim of this article is to categorize materials for which a divergence of the magnetic
Grüneisen parameter and temperature over field scaling with zero critical field has been reported. In the following, we
first discuss field-induced quantum criticality (section 2) and quantum criticality in geometrically frustrated systems
(section 3). The subsequent section 4 is dedicated to quantum criticality and superconductivity. Section 5 deals with
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2], the Grüneisen ratio as well as its counterpart, the magnetic Grüneisen parameter, have been studied for various
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� ⇠ ↵

C
⇠ (dS/dp)

T (dS/dT )
(1)

of thermal expansion ↵ divided by specific heat C is temperature independent, if the entropy S can be scaled in the
form f(T/E?) with single energy scale E?, for example Tc for a classical phase transition or the Fermi temperature
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QCP is driven by a magnetic field H the control parameter r can be defined, as r = (H �Hc)/H0, where Hc is the
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approaching the QCP at r = 0 following T�1/(⌫z) or respectively at T = 0 according to r�1 with universal prefactor
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Such divergences have been found in magnetic Grüneisen parameter measurements on various strongly correlated
electron systems in recent years, which are listed in Table 1 [8, 9, 11–16, 19–23]. The table does not include low
dimensional spin systems for which the magnetic Grüneisen parameter has been investigated experimentally and
theoretically near field-induced quantum phase transitions [24–26]. Due to perturbing interactions it is often di�cult
to approach the asymptotic low-temperature power law behavior of �H for such systems. The first four entries of the
table concern materials with a QCP at finite magnetic field, while in all subsequent cases the critical field is zero. The
paramagnetic heavy fermion metals CeNi2Ge2 and YbCo2Zn20 have been driven towards a zero-field QCP by suitable
chemical substitution [8, 14]. However, there is a remarkably huge number of undoped materials, for which the critical
field is zero within experimental accuracy. It seems very surprising, that a compound is located accidentally at a QCP
without need to fine tune composition, pressure or magnetic field. As we will discuss in this article, indeed many of
those materials do not display generic (pressure-sensitive) quantum criticality and the magnetic Grüneisen parameter
divergence has other origin. Aim of this article is to categorize materials for which a divergence of the magnetic
Grüneisen parameter and temperature over field scaling with zero critical field has been reported. In the following, we
first discuss field-induced quantum criticality (section 2) and quantum criticality in geometrically frustrated systems
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Pr2Ir2O7
UNSTABLE SPIN-ICE ORDER IN THE STUFFED . . . PHYSICAL REVIEW B 92, 054432 (2015)

FIG. 1. (Color online) Temperature dependence of the specific
heat of Pr2+xIr2−xO7−δ in zero field. Filled circles: experimental total
specific heat. Dashed curve: calculated specific heat due to a reduced
nuclear Schottky anomaly (see text). Open circles: specific heat after
subtracting the nuclear Schottky anomaly from the total specific heat.

by subtracting the known silver contribution [28]. The temper-
ature dependence of the specific heat Cp of Pr2+xIr2−xO7−δ in
zero field is shown in Fig. 1.

2. Analysis

The resulting Cp(T ) shows a sharp peak at TM ≈ 0.8 K,
with a characteristic λ shape indicating a bulk phase transition.
We associate this transition with the ordering of the Pr3+

moments. At lower temperatures, another peak in the specific
heat is observed, which is attributed to a 141Pr nuclear Schottky
anomaly associated with the hyperfine field Bhf due to ordered
Pr3+ ionic moments. Assuming Bhf is static, the peak position
TS = 0.1 K and amplitude Cp(TS) = 4.6 J/K mole Pr of the
Schottky anomaly determine, respectively, an ordered Pr3+

moment µS = 1.7(1)µB/Pr ion on a fraction f = 0.65(1) of
the Pr sites. This moment value is the same as found from
elastic neutron scattering (Sec. II C): µS = µneu = µPr. Such
agreement is difficult to understand if a fraction 1 − f of the
Pr3+ ions are not ordered, since then the neutron scattering
intensity would be correspondingly decreased. The reduction
of the Schottky anomaly amplitude but not the ordered moment
is discussed further in Sec. III A.

C. Elastic neutron scattering

1. Experiment

Powder elastic and inelastic neutron scattering data were
taken from the same Pr2+xIr2−xO7−δ powder sample on the
SPINS Triple Axis Spectrometer at the NIST Center for
Neutron Research (NCNR) and on the Cold Neutron Chopper
Spectrometer (CNCS) at Oak Ridge National Laboratory
(ORNL) [29]. In both experiments the powder sample was en-
closed in an aluminum can and cooled in 3He cryostats to base
temperatures of ∼0.3 K (ORNL) and ∼0.5 K (NCNR). The
can was sealed under 4He atmosphere at room temperature to
provide thermal contact for the powder. The can had an annular
insert in order to minimize the effects of the strong neutron
absorption in Ir. On SPINS, measurements were taken with a
neutron wavelength of λ = 4.04 Å (Ei = Ef = 5 meV), with
a cooled Be filter in the incoming beam and 80′ collimation

FIG. 2. (Color online) Temperature dependence of elastic neu-
tron scattering intensity of Pr2+xIr2−xO7−δ at the position of the
qm = (100) reflection. The intensity measured at T = 2 K was
subtracted as a background. Curve: Ising mean-field theory fit to
the data, which yields a transition temperature of TM = 0.93(1) K.
(Inset) Sketch of the 2-in/2-out magnetic structure.

before and after the sample. On CNCS, measurements were
taken with two neutron wavelengths, λ = 7.26 Å (Ei =
1.55 meV) and λ = 9.04 Å (Ei = 1.00 meV). The correspond-
ing full width half maximum (FWHM) energy resolutions at
the elastic line were γ = 0.024(2) and 0.017(1) meV for λ =
7.26 and 9.04 Å, respectively. The data were normalized to ab-
solute units using the intensity of the (111) nuclear Bragg peak.

2. Analysis

The momentum dependence of the elastic intensity was
measured on SPINS over the temperature range 0.5–2 K. The
lattice constant of the cubic space group was refined at 2 K
to obtain a = 10.672(1) Å. Extra Bragg peaks were observed
below ∼0.9 K, and are attributed to the ordering of the Pr3+

moments. Their positions can be indexed using a magnetic
propagation wave vector qm = (100) in reciprocal lattice units
of the Fd3m space group. The temperature dependence of
the first peak, for which Q = |qm|, is shown in Fig. 2. The
order parameter increases continuously below TM , suggesting
a second-order phase transition. The data are, however, also
consistent with a heterogeneous distribution of first-order
phase transitions. An Ising mean-field theory provides an
acceptable fit to the data (solid curve in Fig. 2) with an ordering
temperature TM = 0.93(1) K.

Refinement of the magnetic structure using the propagation
vector qm was carried out on the high-temperature-subtracted
T = 0.5 K data collected on SPINS. Assuming an Ising
anisotropy in the [111] direction for Pr3+ moments, as is well
established for Pr2Ir2O7 [5], the best refinement was obtained
using an ordered spin-ice 2-in/2-out structure for moments
on a unit tetrahedron (inset of Fig. 2), yielding an on-site
moment µneu = 1.7(1)µB per Pr3+ ion [30]. The ordered
spin-ice structure is predicted for long-range ordering of
Heisenberg spins on the pyrochlore lattice due to dipole-dipole
interactions [31], although in Pr2Ir2O7 the Ising nature of the
Pr3+ moments and the strong dependence of the ordering
on stoichiometry suggest RKKY interactions also play an
important role.

To better understand the spatial and temporal coherence of
magnetism below the critical temperature TM , we now turn to

054432-3
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Magnetic monopole condensation in pyrochlore ice quantum spin liquid: application
to Pr2Ir2O7 and Yb2Ti2O7
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Pyrochlore iridates and pyrochlore ices are two families of materials where novel quantum phe-
nomena are intertwined with strong spin-orbit coupling, substantial electron correlation and geo-
metrical frustration. Motivated by the puzzling experiments on two pyrochlore systems Pr2Ir2O7

and Yb2Ti2O7, we study the proximate Ising orders and the quantum phase transition out of quan-
tum spin ice U(1) quantum spin liquid (QSL). We apply the electromagnetic duality of the compact
quantum electrodynamics to analyze the “magnetic monopoles” condensation for U(1) QSL. The
monopole condensation transition represents a unconventional quantum criticality with unusual scal-
ing laws. It naturally leads to the Ising orders that belong to the “2-in 2-out” spin ice manifold and
generically have an enlarged magnetic unit cell. We demonstrate that the antiferormagnetic Ising
state with the ordering wavevector Q = 2⇡(001) is proximate to U(1) QSL while the ferromagnetic
Ising state with Q = (000) is not proximate to U(1) QSL. This implies that if there exists a direct
transition from U(1) QSL to the ferromagnetic Ising state, the transition must be strongly first
order. We apply the theory to Pr2Ir2O7 and Yb2Ti2O7.

Pyrochlore iridates (R2Ir2O7)1,2 have stimulated a wide
interest in recent years, and many interesting results,
including topological Mott insulator3, quadratic band
touching4, Weyl semimetal5–7, non-Fermi liquid8,9 and
so on, have been proposed. Among these materials,
Pr2Ir2O7 is of particular interest. In Pr2Ir2O7, the Ir
system remains metallic at low temperatures10. More in-
triguingly, no magnetic order was found except a partial
spin freezing of the Pr moments due to disorder at very
low temperatures in the early experiments10–12. A re-
cent experiment on di↵erent Pr2Ir2O7 samples, however,
discovered an antiferromagnetic long-range order for the
Pr moments13. While most theory works on pyrochlore
iridates focused on the Ir pyrochlores and explored the
interplay between the electron correlation and the strong
spin-orbit coupling of the Ir 5d electrons3,14,15, very few
works considered the influence and the physics of the lo-
cal moments from the rare-earth sites that also form a
pyrochlore lattice7,16–18. In this paper, we address the
local moment physics in Pr2Ir2O7 and propose that the
disordered state of the Pr moments is likely to be in the
quantum spin ice (QSI) U(1) quantum spin liquid state.
We explore the proximate Ising order and the confine-
ment transition of QSI and argue that Pr2Ir2O7 could be
located near such a confinement transition.

The QSI U(1) QSL is an exotic quantum phase of mat-
ter and is described by emergent compact quantum elec-
trodynamics, or equivalently, by the compact U(1) lattice
gauge theory (LGT) with a gapless U(1) gauge photon
and deconfined spinon excitations19–21. Recently several
rare-earth pyrochlores with 4f electron local moments are
proposed as candidates for QSI U(1) QSLs22–32. In these
systems, the predominant antiferromagnetic exchange in-
teraction between the Ising components of the local mo-
ments favors an extensively degenerate “2-in 2-out” spin
ice manifold on the pyrochlore lattice20,22,33–37. The

FIG. 1. The monopole condensation transition from the QSI
U(1) QSL to the proximate antiferromagnetic Ising state.
The dashed (solid) line represents a thermal crossover (tran-
sition). “g” is a tuning parameter that corresponds to the
mass of “magnetic monopole” (see the discussion in the main
text). The inset Ising order has an ordering wavevector
Q = 2⇡(001). The Pr moment of Pr2Ir2O7 is likely to be
close to this quantum critical point (QCP).

transverse spin interaction allows the system to tunnel
quantum mechanically within the ice manifold, giving
rise to a U(1) QSL ground state36–41. Like Pr2Ir2O7, the
experimental results on these QSL candidate materials
depend sensitively on the stoichiometry and the sample
preparation22. In particular, for the pyrochlore ice sys-
tem Yb2Ti2O7, while some samples remain disordered
down to the lowest temperature and the neutron scatter-
ing shows a di↵usive scattering23,42, others develop a fer-
romagnetic order25,43–45. This suggests that both the Yb
moments in Yb2Ti2O7 and the Pr moments in Pr2Ir2O7

could be located near a phase transition between a dis-
ordered state (that might be a QSI U(1) QSL) and the
magnetic orders.

On the theoretical side, the instability of the QSI U(1)
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3

where e

µ

(µ = 0, 1, 2, 3) are the four vectors that con-
nect the I sublattice sites of the diamond lattice to their
nearest neighbors. In terms of the dual gauge variables,
HLGT is transformed into

Hdual =
X

7⇤
d

U

2
(curl a� Ē)2 �

X

hr,r0i

K cosBrr0 , (9)

where we have explicitly replaced curl A with the mag-
netic field vector Brr0 that lives on the link hrr0i of the
dual diamond lattice and is conjugate to the dual gauge
field a with [Brr0 , arr0 ] = i. In Eq. (9), we have introduced
the electric field Ē that combines both the background
electric field distribution E0 and the o↵set in Eq. (5) with

Ēr,r+✏reµ = E0
r,r+✏reµ

� ✏r
2
. (10)

Since the dual gauge field a is integer valued, the
dual Hamiltonian Hdual is di�cult to work with. More-
over, the “magnetic monopole” is implicit in the dual
gauge field configuration. To make the monopole ex-
plicit, we follow the standard procedure19, first relax the
integer valued constraint of the dual gauge field by intro-
ducing cos 2⇡a and then insert the monopole operators.
The resulting dual theory is described by the magnetic
monopoles minimally coupled with the dual U(1) gauge
field on the dual diamond lattice,

Hdual =
X

7⇤
d

U

2
(curl a� Ē)2 �

X

r,r0

K cosBrr0

�
X

hr,r0i

t cos(✓r � ✓r0 + 2⇡arr0), (11)

where e�i✓r (ei✓r) creates (annihilates) the “magnetic
monopole” at the dual lattice site r.

Monopole condensation and proximate Ising order. In
the dual gauge Hamiltonian of Eq. (11), as the monopole
hopping increases, the monopole gap decreases. When
the monopole gap is closed, the monopole is condensed.
In the confinement phase, the E field develops a static
distribution, the B field (the a field) is strongly (weakly)
fluctuating. Therefore, it is legitimate to first ignore the
a field fluctuation, then study the monopole band struc-
ture, and condense the monopoles at the minimum of the
monopole band for the confinement phase51,52. In such
a dual gauge mean-field-like treatment, the “U” term in
the Hamiltonian enforces curl ā = Ē, which is solved to
fix the gauge for the dual gauge field. Here we set the
dual gauge field to its static component ā. The elec-
tric field distribution Ē turns into the dual gauge flux
experienced by the “magnetic monopoles” in the dual
formulation. As Ē takes ±✏r/2, it leads to ⇡ flux of the
dual gauge field through each elementary hexagon on the
dual diamond lattice. As it is shown in Fig. 3, we fix the
gauge by setting ār,r+eµ = ⇠

µ

(q · r), where r 2 I sublat-
tice of the dual diamond lattice, e

µ

(µ = 0, 1, 2, 3) refer
to the four nearest-neighbor vectors of the dual diamond
lattice, (⇠0, ⇠1, ⇠2, ⇠3) = (0110) and q = 2⇡(100).

FIG. 3. The dual diamond lattice and the assignment of the
gauge potential e�i2⇡ārr0 on the nearest neighbor links.

In the presence of the background flux, the monopole
nearest-neighbor hopping model on the dual diamond lat-
tice is given by

H
m

= �
X

hr,r0i

t e�i2⇡ā
rr0�†

r�r0 , (12)

where we have introduced �r ⌘ ei✓r (with |�r| ⌘ 1). The
dispersion of the lowest monopole band is given by

⌦k = �|t|[4 + 2(3 + cxcy � cxcz + cycz)
1/2]1/2, (13)

where c
µ

= cos k
µ

(µ = x, y, z). The degenerate minima
of the lowest band form several lines of momentum points
in the Brioullin zone. One such degenerate line is along
the [001] direction of the Brioullin zone and the minimum
energy is �2

p
2|t|. Other degenerate lines are readily ob-

tained by the symmetry operations. The line degeneracy
of the band minima is a consequence of the background
flux that frustrates the monopole hopping. These contin-
uous degeneracies are accidentical and are not protected
by symmetry. It is expected that the further neighbor
monopole hopping or monopole interactions should lift
these degeneracies.
Because of the background flux, the lattice symmetry

in H
m

is realized projectively, known as projective sym-
metry group (PSG)54. We use PSG to generate the fur-
ther neighbor monopole hoppings55, but do not find ob-
vious degeneracy breaking. Instead, the line degeneracy
immediately gets lifted if we impose the unimodular con-
straint of the monopole field (|�r| = 1). This unimodular
constraint, that originates from the repulsive interaction
between monopoles, suppresses the magnitude fluctua-
tion of the monopole fields. For the degenerate minima
along the [001] direction, the unimodular requirement se-
lects the monopole configurations at two equivalent mo-
menta

k1 = (0, 0,⇡), k2 = (0, 0,�⇡), (14)

and the corresponding monopole configurations are
⇢

r 2 I, '1(r) = ( 1+i

2 + 1�i

2 ei2⇡x)ei⇡z,
r 2 II, '1(r) = ei⇡z,

(15)

⇢
r 2 I, '2(r) = ( i+1

2 + i�1
2 ei2⇡x)e�i⇡z,

r 2 II, '2(r) = ie�i⇡z,
(16)

not clear (yet!) how 
much degeneracy 
is required by PSG
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where '
a

refers to the monopole configuration at the mo-
mentum k

a

. From the above results, we use the PSG
transformations and generate in total twelve symmetry
equivalent solutions.

After the unimodular constraint is enforced, the
monopoles are condensed at only one of the equivalent
solutions, the spinons are confined and the system devel-
ops an Ising order. Although the Ising order is induced
by the monopole condensation, as monopoles are emer-
gent particles and are not gauge invariant, the physical
property of the monopole condensate is encoded in the
gauge invariant monopole bilinears. Again, symmetry
is a powerful tool to establish the relation between the
spin density ⌧z and the monopole bilinears. The can-
didate monopole bilinears are the monopole density and
the monopole current. Although the monopole density
(�†�) transforms in the same way as the spin density
(⌧z) under the space group symmetry, they behave op-
positely under the time reversal.

As for the monopole current, from the Maxwell’s equa-
tions, the loop integral of monopole current is the elec-
tric flux through the plaquette enclosed by the loop (see
Fig. 2b)51,52. We have

⌧z
i

⇠ Err0 ⇠
X

rr027⇤
d

Jrr0 , (17)

where the pyrochlore site i is the center of the elemen-
tary honeycomb 7⇤

d

on the dual diamond lattice, and

Jrr0 ⌘ i(h�†
r ih�r0ie�iārr0 � h.c.) defines the monopole cur-

rent. Here h�ri is the expectation value of the monopole
field that is taken with respect to one of the equivalent
solutions. In the inset of Fig. 1, we depict the spin
density distribution of the monopole condensate at k1.
The resulting Ising order in the confinement phase is
an antiferromagnetic state with an ordering wavevector
Q = 2⇡(001), and the four spins on each tetrahedron
obey the “2-in 2-out” ice rule. This Ising state breaks
the translation symmetry by doubling the crystal unit
cell.

The translation symmetry breaking of the proximate
magnetic state is a generic phenomenon. The background
gauge flux, due to the “2-in 2-out” rule, shifts the min-
imum of the monopole band to finite momenta. Once
the monopole is condensed at the finite momentum, the
resulting proximate Ising order necessarily breaks the
translation symmetry. If, however, the ferromagnetic
Ising order with Q = (000) in Fig. 2a, preserves the
translation symmetry and borders with the QSI U(1)
QSL, the transition beween this ferromagnetic Ising or-
der and U(1) QSL must be strongly first order. In the
Method, we write down simple models that do not have a
sign problem for quantum Monte Carlo simulation. The
models can realize both the ferromagnetic and antifer-
romagnetic Ising orders and allow the careful numerical
study of the phase transitons out of the QSI U(1) QSL.

Critical theory of monopole condensation. The
monopole interaction in the confinement phase selects

FIG. 4. The bubble diagram of the “magnetic monopole”.

twelve equivalent monopole condensates that correspond
to twelve symmetry equivalent Ising orders. In the
vicinity of the monopole condensation transition, the
monopole condensate and the gauge fields fluctuate
strongly. We thereby carry out a Landau-Ginzburg-
Wilson expansion of the action in terms of the monopole
condensate and gauge field in the vincinity of the phase
transition. We introduce the slowly-varying monopole
fields �

a

via the expansion

�r =
12X

a=1

'
a

(r)�
a

, (18)

where '
a

(r) (a = 1, · · · , 12) are the twelve discrete
monopole modes that span the ground state manifold
of the monopole condensate. With the monopole PSG,
we generate the symmetry allowed e↵ective action for the
monopole condensation transition,

L =
X

a

⇥
|(@

µ

� iã
µ

)�
a

|2 +m2|�
a

|2
⇤
+

F
µ⌫

2

2

+u0(
X

a

|�
a

|2)2 + u1

X

a 6=b

|�
a

|2|�
b

|2 + · · · , (19)

where we have restored the gauge field fluctuation by
coupling the �

a

fields to the fluctuating part of the dual
U(1) gauge field ã

µ

, 1
2Fµ⌫

2 is the Maxwell term with
F
µ⌫

⌘ @
µ

ã
⌫

� @
⌫

ã
µ

, “· · · ” contains further anisotropic
terms that are marginal for the critical properties, m is
the mass of the monopole and is set by the band gap
of the monopole band structure. The e↵ective action
in Eq. (19) is a standard multi-component Ginzburg-
Landau theory in 3+1D that is the upper critical di-
mension of the theory. One expects the phase transi-
tion of this theory to be governed by a Gaussian fixed
point or belong to a weakly first order transition driven
by fluctuations51–53,56,57. Both possibilities suggest that
the mean-field treatment of the phase transition should
be su�cient for a rather wide range of length scales. In
a mean-field description, the monopole field correlator at
the critical point (with the monopole mass m = 0) is

h�†
a

(k,!)�
b

(k,!)i ⇠ �
ab

k2 + !2
. (20)

According to Eq. (17), the spin susceptibility at the or-
dering wavevector Q is simply given by the bubble dia-
gram of monopole fields (see Fig. 3) and is thus logarith-
mically divergent at low temperatures with

�(Q) ⇠ ln
1

T
. (21)

“SC”=ordered“Normal”
QC



Field coupling??

Classification of materials with divergent magnetic Grüneisen parameter
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EP VI, Center for Electronic Correlations and Magnetism,

Institute of Physics, Augsburg University, 86159 Augsburg, Germany

At any quantum critical point (QCP) with a critical magnetic field H
c

, the magnetic Grüneisen
parameter �H, which equals the adiabatic magnetocaloric e↵ect, is predicted to show characteristic
signatures such as a divergence, sign change and T/(H�H

c

)✏ scaling. We categorize thirteen mate-
rials, ranging from heavy fermion metals to frustrated magnets, where such experimental signatures
have been found. Remarkably, seven stoichiometric materials at ambient pressure show H

c

= 0.
However, additional thermodynamic and magnetic experiments suggest that most of them do not
show a zero-field QCP. While the existence of a pressure insensitive “strange metal” state is one
possibility, for some of the materials �H seems influenced by impurities or a fraction of moments
which are not participating in a frozen state. To unambiguously prove zero-field and pressure sen-
sitive quantum criticality, a �H divergence is insu�cient and also the Grüneisen ratio of thermal
expansion to specific heat must diverge.

I. INTRODUCTION

Motivated by the theoretical proposal of a universal divergence in the approach of a quantum critical point (QCP) [1,
2], the Grüneisen ratio as well as its counterpart, the magnetic Grüneisen parameter, have been studied for various
strongly correlated electron systems in recent years [3–8]. The Grüneisen ratio

� ⇠ ↵

C
⇠ (dS/dp)

T (dS/dT )
(1)

of thermal expansion ↵ divided by specific heat C is temperature independent, if the entropy S can be scaled in the
form f(T/E?) with single energy scale E?, for example Tc for a classical phase transition or the Fermi temperature
for a metal [1]. In case of a QCP there is however no fixed energy scale and as detailed below the Grüneisen ratio is
expected to display a universal divergence.

While the Grüneisen ratio probes the sensitivity to changes of pressure, in many cases the magnetic field has been
used as control parameter. The magnetic Grüneisen parameter is defined as

�H = �dM/dT

C
=

1

T
(
dT

dH
)S , (2)

where M , T , C and S denote the magnetization, temperature, heat capacity and entropy, respectively. Whenever a
QCP is driven by a magnetic field H the control parameter r can be defined, as r = (H �Hc)/H0, where Hc is the
critical field and H0 denotes a constant (which is a characteristic field of the material) [2]. In the scaling regime close
to a QCP, the correlation length of order parameter fluctuations ⇠ ⇠ |r|⌫ diverges with exponent ⌫. The temporal
criticality is characterized by ⇠⌧ ⇠ ⇠z with dynamical critical exponent z. The Grüneisen parameter diverges upon
approaching the QCP at r = 0 following T�1/(⌫z) or respectively at T = 0 according to r�1 with universal prefactor
Gr = ⌫(d� z) [1, 2].

Such divergences have been found in magnetic Grüneisen parameter measurements on various strongly correlated
electron systems in recent years, which are listed in Table 1 [8, 9, 11–16, 19–23]. The table does not include low
dimensional spin systems for which the magnetic Grüneisen parameter has been investigated experimentally and
theoretically near field-induced quantum phase transitions [24–26]. Due to perturbing interactions it is often di�cult
to approach the asymptotic low-temperature power law behavior of �H for such systems. The first four entries of the
table concern materials with a QCP at finite magnetic field, while in all subsequent cases the critical field is zero. The
paramagnetic heavy fermion metals CeNi2Ge2 and YbCo2Zn20 have been driven towards a zero-field QCP by suitable
chemical substitution [8, 14]. However, there is a remarkably huge number of undoped materials, for which the critical
field is zero within experimental accuracy. It seems very surprising, that a compound is located accidentally at a QCP
without need to fine tune composition, pressure or magnetic field. As we will discuss in this article, indeed many of
those materials do not display generic (pressure-sensitive) quantum criticality and the magnetic Grüneisen parameter
divergence has other origin. Aim of this article is to categorize materials for which a divergence of the magnetic
Grüneisen parameter and temperature over field scaling with zero critical field has been reported. In the following, we
first discuss field-induced quantum criticality (section 2) and quantum criticality in geometrically frustrated systems
(section 3). The subsequent section 4 is dedicated to quantum criticality and superconductivity. Section 5 deals with

ar
X

iv
:1

60
9.

02
01

3v
1 

 [c
on

d-
m

at
.st

r-
el

]  
7 

Se
p 

20
16

Microscopically: it’s all spins.   
Just Zeeman coupling.

BUT...emergent electric particles 
see it as an orbital field!

HZeeman = �µe↵

X

i

êi ·H

HZeeman ! �
Z

H · b

�H ⇠ @2F/@H@T

T@2F/@T 2
basically probes “Landau diamagnetic” 

contribution to free energy



Fluctuation diamagnetism
scaling b = r⇥ a ⇠ 1/L2 ⇠ T 2/z

S =

Z
d⌧ d

d
xH · b

H ⇠ L�d�z+2 ⇠ T↵

↵ =
d� 2

z
+ 1

�H ⇠ 1

H
G

✓
H

T↵

◆

d=3,z=1: α=2 d=3,z=2: α=3/2 
p/h no p/h
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Magnetic Gruneisen parameter
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Figure 3 | Divergent behaviour of the magnetic Grüneisen ratio, �H, of
Pr2Ir2O7 as function of temperature. �H is measured at magnetic fields
applied parallel to the [111] direction. The divergence with a power law
⇠T�3/2 is indicated by the grey solid line. Arrow at 0.4 K indicates the
temperature below which �H deviates from the power-law divergence.
Inset shows the field dependence of the constant �H values in the
low-temperature quantum paramagnetic regime at T !0. Grey solid line
indicates 0.25/H.

ice state, it also suppresses quantum criticality. As the magnetic
field is increased, �H/H becomes independent of temperature
at lowest temperatures, indicating the formation of a quantum
paramagnetic state; that is, a non-critical quantum spin liquid.
Assuming universal scaling near a QCP (ref. 19), it is theoretically
expected that �H =�Gr/(H �Hc) in the quantum paramagnetic
state. The universal prefactor Gr = ⌫(d � y0z)/y0 is determined
by the dimensionality d and the exponent y0 of the temperature
dependence of the specific heat (C ⇠Ty0 ). For Pr2Ir2O7 the large
uncertainty in the subtraction of the nuclear specific heat makes it
impossible to reliably determine y0. The constant�H values obtained
at lowest temperatures follow the expected (H �Hc)

�1 dependence
and are remarkably well fitted by Hc = 0 ± 0.04 T, suggesting a
zero-field QCP (Fig. 3 inset). As explained in the Supplementary
Information, slightly di�erent scaling relations are expected in such
a case, because of the quadratic coupling ofH with order parameter.
As a result, the Grüneisen ratio �HH = f (T/H 2⌫z), where f is a
universal scaling function. Furthermore, for T ! 0, the magnetic
Grüneisen ratio diverges toward zero field as �H = �2Gr/H in
the case Hc = 0. Experimentally, we found 2Gr =�0.25± 0.03 for
H k[111]. A slight deviation from the�H =�2Gr/H scaling is found
above 2 T, on approaching the transition to the 3-in 1-out state at
2.3 T (ref. 10), which breaks the ice-rule. Thus, quantum criticality
is related to the degeneracy within the spin ice state.

We further examine quantum criticality in Pr2Ir2O7 by rescaling
the �H data. In Fig. 4 the magnetic Grüneisen ratio data are shown
as �HH versus T /H 4/3. The measured data collapse on a common
curve for about four decades in the x-axis and more than three
decades in the y-axis. This confirms that the system is located at a
zero-fieldQCP. The scaling plot clearly shows the crossover between
the quantum critical and quantum paramagnetic states, which
are characterized by �H ⇠HT�3/2 and �H = 0.25/H (temperature
independent), respectively (also see inset of Fig. 3). There is a certain
regime in temperature–field phase space for which scaling does
not hold. At low fields, this includes temperatures below 0.4 K and
extends up to about 0.35 T, whereas at larger fields all data follow
scaling down to lowest temperatures. The same scaling behaviour
of �HH versus HT�3/2 is found also for H k[100] (Supplementary

0.001

0.01

0.1

H
H

0.1 1 10 100

T/H4/3 (K/T 4/3)

0.03 T
0.05 T
0.07 T
0.1 T
0.12 T
0.15 T
0.2 T
0.25 T
0.3 T
0.35 T
0.4 T

0.45 T
0.5 T
0.6 T
0.7 T
0.8 T
1 T
1.2 T
1.4 T
1.6 T
1.8 T

Pr2Ir2O7
H ⎜⎜[111]

0.25

H ∼ HT −3/2

1.5 K/T 4/3

Γ

Γ

Figure 4 | Evidence of a zero-field quantum critical point in Pr2Ir2O7.
Quantum critical scaling of the magnetic Grüneisen ratio, �H, is shown by
plotting �HH versus T/H4/3. The magnetic field is applied parallel to the
[111] direction. Data points from the phase space regime, indicated by a
blue dotted line in Fig. 5, that deviate from the scaling behaviour are plotted
in pastel colours. Constant �HH=0.25 in the quantum paramagnetic state
is indicated by a grey dotted line. The arrow at 1.5 T/H4/3 indicates the
crossover temperature between the quantum paramagnetic and quantum
critical behaviour. Solid grey line indicates the HT�3/2 dependence of �H
within the quantum critical state.

Fig. 3). However, the value of 2Gr =�0.37± 0.03 in the quantum
paramagnetic state at low temperatures is di�erent from �0.25 for
H k[111]. As the field direction of [111] is known as a special
direction, stabilizing the kagome-ice state24, the anisotropy of Gr
may be a result of quantum paramagnetic states with di�erent y0
along the two field directions. Generically, as found, for example,
for the QCP in CeCoIn5 (ref. 25), Gr is isotropic (see discussion in
the Supplementary Information).

Figure 5 shows the T–H phase diagram, where the colour coding
indicates the size of the magnetic Grüneisen ratio, which exhibits
quantum critical scaling for temperatures below 3K and fields
below 2T. Only very close to the zero-field QCP this scaling is
violated in a regime, which is bound by the blue dotted line. In
the absence of a clear phase transition the nature of this state
is unknown.

The experimentally observed scaling exponents allow one to
characterize quantum criticality in Pr2Ir2O7. If quantum criticality is
governed by a single diverging timescale19, the magnetic Grüneisen
ratio scales like T/(H)2⌫z , yielding ⌫z=2/3. This di�ers from the
expectation within the itinerant Hertz–Millis–Moriya theory for
magnetic QCPs. The latter predicts ⌫z=1 for antiferromagnetism
and ⌫z=3/2 for ferromagnetism19. As our system has a local
moment character and only a very weak Kondo interaction, it
is not surprising that the observed exponents di�er from the
itinerant model for spin-density-wave instabilities. Furthermore,
within the quantum paramagnetic state we observe �HH =0.25 and
0.37, implying �⌫(d � y0z)/y0 =0.125 and 0.185 for H k[111] and
[100], respectively. These relations will place strong constraints on
theoretical modelling of quantum criticality in Pr2Ir2O7 (ref. 26).

The previous observation of a spontaneous Hall e�ect, despite
the absence of dipolar magnetic order, suggests a chiral spin liquid
state in the temperature range10 where our study reveals zero-
field quantum criticality. Taken together, these observations support
a novel type of ‘quantum critical spin liquid’ state that may be
expected from the global phase diagram of Kondo lattice materials.
The observed quantum critical scaling is di�erent from what has
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At any quantum critical point (QCP) with a critical magnetic field H
c

, the magnetic Grüneisen
parameter �H, which equals the adiabatic magnetocaloric e↵ect, is predicted to show characteristic
signatures such as a divergence, sign change and T/(H�H

c

)✏ scaling. We categorize thirteen mate-
rials, ranging from heavy fermion metals to frustrated magnets, where such experimental signatures
have been found. Remarkably, seven stoichiometric materials at ambient pressure show H

c

= 0.
However, additional thermodynamic and magnetic experiments suggest that most of them do not
show a zero-field QCP. While the existence of a pressure insensitive “strange metal” state is one
possibility, for some of the materials �H seems influenced by impurities or a fraction of moments
which are not participating in a frozen state. To unambiguously prove zero-field and pressure sen-
sitive quantum criticality, a �H divergence is insu�cient and also the Grüneisen ratio of thermal
expansion to specific heat must diverge.

I. INTRODUCTION

Motivated by the theoretical proposal of a universal divergence in the approach of a quantum critical point (QCP) [1,
2], the Grüneisen ratio as well as its counterpart, the magnetic Grüneisen parameter, have been studied for various
strongly correlated electron systems in recent years [3–8]. The Grüneisen ratio

� ⇠ ↵

C
⇠ (dS/dp)

T (dS/dT )
(1)

of thermal expansion ↵ divided by specific heat C is temperature independent, if the entropy S can be scaled in the
form f(T/E?) with single energy scale E?, for example Tc for a classical phase transition or the Fermi temperature
for a metal [1]. In case of a QCP there is however no fixed energy scale and as detailed below the Grüneisen ratio is
expected to display a universal divergence.

While the Grüneisen ratio probes the sensitivity to changes of pressure, in many cases the magnetic field has been
used as control parameter. The magnetic Grüneisen parameter is defined as

�H = �dM/dT

C
=

1

T
(
dT

dH
)S , (2)

where M , T , C and S denote the magnetization, temperature, heat capacity and entropy, respectively. Whenever a
QCP is driven by a magnetic field H the control parameter r can be defined, as r = (H �Hc)/H0, where Hc is the
critical field and H0 denotes a constant (which is a characteristic field of the material) [2]. In the scaling regime close
to a QCP, the correlation length of order parameter fluctuations ⇠ ⇠ |r|⌫ diverges with exponent ⌫. The temporal
criticality is characterized by ⇠⌧ ⇠ ⇠z with dynamical critical exponent z. The Grüneisen parameter diverges upon
approaching the QCP at r = 0 following T�1/(⌫z) or respectively at T = 0 according to r�1 with universal prefactor
Gr = ⌫(d� z) [1, 2].

Such divergences have been found in magnetic Grüneisen parameter measurements on various strongly correlated
electron systems in recent years, which are listed in Table 1 [8, 9, 11–16, 19–23]. The table does not include low
dimensional spin systems for which the magnetic Grüneisen parameter has been investigated experimentally and
theoretically near field-induced quantum phase transitions [24–26]. Due to perturbing interactions it is often di�cult
to approach the asymptotic low-temperature power law behavior of �H for such systems. The first four entries of the
table concern materials with a QCP at finite magnetic field, while in all subsequent cases the critical field is zero. The
paramagnetic heavy fermion metals CeNi2Ge2 and YbCo2Zn20 have been driven towards a zero-field QCP by suitable
chemical substitution [8, 14]. However, there is a remarkably huge number of undoped materials, for which the critical
field is zero within experimental accuracy. It seems very surprising, that a compound is located accidentally at a QCP
without need to fine tune composition, pressure or magnetic field. As we will discuss in this article, indeed many of
those materials do not display generic (pressure-sensitive) quantum criticality and the magnetic Grüneisen parameter
divergence has other origin. Aim of this article is to categorize materials for which a divergence of the magnetic
Grüneisen parameter and temperature over field scaling with zero critical field has been reported. In the following, we
first discuss field-induced quantum criticality (section 2) and quantum criticality in geometrically frustrated systems
(section 3). The subsequent section 4 is dedicated to quantum criticality and superconductivity. Section 5 deals with
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scaling

�H ⇠ 1

H
F (H/T↵)

basically fits to 
α=3/2 



Summary
• Emergent magnetic field in such a U(1) QSL and its vicinity 

can be controlled by external field, and response of electric 
excitations may be the most sensitive probe

• Critical response to field and scaling is “natural” if emergent 
electric charges are at low energy 

• Questions:

• Role of line degeneracy, p/h symmetry, gauge 
interactions, disorder ?

• Other signatures of e particles in artificial field?  Hall 
effects?



Artificial magnetic fields 
two ways

• Anomalous Hall effect from Berry 
curvature and Weyl fermions: interplay 
with topological defects in an 
antiferromagnet

• Hints (maybe) of emergent electric 
monopoles and magnetic fields in a 
pyrochlore

Jianpeng Liu

Zhen Bi


