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We present the first report of the physical properties of the transition metal based ferromagnets,
HfFeGa2 and HfMnGa2. The magnetic susceptibility in both displays Curie-Weiss behavior at high
temperature that is replaced by the critical susceptibility just above the Curie temperatures, which
are 47.9 K in HfFeGa2 and 25.6 K in HfMnGa2. The ferromagnetically ordered state has a coercive
field of 1700 Oe in HfFeGa2 and 320 Oe in HfMnGa2, with strong anisotropy that largely confines the
moments to the b-axis. Critical exponents that are derived from neutron diffraction measurements
and Arrott plot analyses of the magnetization confirm the mean field character of the ferromagnetic
transitions. Phonons dominate the specific heat at all temperatures, but clear ordering anomalies
accompany the onset of ferromagnetic order, as well as an electronic component that is larger in the
ordered than paramagnetic states. Both HfFeGa2 and HfMnGa2 are metallic, and we observe an
anomalous exponent in the temperature dependent resisivity ρ(T), where ρ(T)-ρ0=BT5/3, signalling
that the ordered state is a marginal Fermi Liquid. Overall, the robustness of ferromagnetic order,
the Curie temperatures, and the impact of fluctuations in both HfFeGa2 and HfMnGa2 are very
similar to those of previously studied ferromagnets, such as MnSi, ZrZn2, Ni3Al, and Sc3In.

PACS numbers: 75.30.Kz,75.40.-s,75.50.Cc

Metallic ferromagnets have played a central role in the
development of theories of magnetic materials, initially
establishing that ferromagnetism occurs as a collective
Stoner instability of interacting conduction electrons [1].
The Stoner theory can be extended through the incorpo-
ration of spin fluctuations [2–4], which represent the in-
creasing instability of the magnetization as the system is
tuned to ever lower Curie temperatures, and ultimately
the non-Fermi Liquid behavior that occurs when ferro-
magnetic order is completely suppressed. Most recently,
interest has focussed on systems where ferromagnetic or-
der can be brought to the brink of instability, using pres-
sure, magnetic field, or composition to drive the Curie
temperature TC to zero temperature. Experiments re-
veal an unexpected richness of behavior in these systems,
results that are not yet fully explained in the context
of current theory [5–7]. What are the other collective
phases that are possible, once magnetic order has been
suppressed? What are the properties of the magnetic ex-
citations near such a ferromagnetic instability, and how
do they couple to the underlying electronic structure to
produce novel phases such as magnetically mediated su-
perconductivity?

Much of what we know about the answers to these in-
triguing questions comes from experiments conducted on
a very limited number of transition metal based and fer-
romagnetic compounds such as MnSi (TC=29.5 K) [8],
ZrZn2 (TC ≤ 28 K) [9], Sc3In (TC=6 K [10], 7.5 K [11]),
and Ni3Al (TC=42 K) [12] that have transition tem-
peratures that are low enough that a tuning parameter
Γ, which can be pressure, magnetic field, or even com-
position, can drive TC →0, forming a quantum criti-

cal point (QCP) at Γ=ΓC . In the mean-field limit, the
Curie temperature TC for a three dimensional ferromag-
net is suppressed to zero as TC ≈(Γ − ΓC)

3/4. Normal
Fermi liquid behavior is found deep in the ferromagnetic
phase (Γ ≪ ΓC) and also in the paramagnetic phase
(Γ ≫ ΓC) at low temperatures, where the electrical re-
sistivity ρ=ρ0+AT2, the heat capacity C∼ γT, and the
magnetic susceptibility χ(T)∼ χ0. Marginal Fermi liq-
uid behavior is predicted in the paramagnetic phases
where ρ(T)∼ ρ0+BT5/3 [13], C∼Tln(T*/T) [14], and
χ(T)−1 ∼χ0 + aT4/3 [2, 4, 15]. These predictions have
been tested in several different systems. Essentially com-
plete agreement with each of these predictions is found
for Ni1−xPdx (xC=0.025) [16], while studies of the fer-
romagnet Ni3Al under pressure [17] similarly found that
the electrical resistivity ρ(T)∼ ρ0+BT5/3. Both doping
and pressure have been used to create a ferromagnetic
quantum critical point in ZrZn2 [18, 19], and in both
cases it is found that TC ≈(Γ -ΓC)

3/4, while near the
QCP, χ(T)−1 ∼χ0 + aT4/3, with χo vanishing, and as
well ρ(T)∼ ρ0+BT5/3.

As sample quality continues to improve, it has become
increasingly evident that the transition from the ordered
phase to the paramagnetic phase at the QCP is not uni-
versally continuous, but can also have first order char-
acter. This was subsequently shown via field theoretical
techniques to be a generic feature of QCPs in clean fer-
romagnets, although in the presence of strong magnetic
fluctuations or with strong disorder, the transition is ex-
pected to remain second order [7]. Perhaps the most ex-
tensively studied compound is MnSi, where magnetic sus-
ceptibility measurements found that the ferromagnetic
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phase transition is second order for pressures less than
1.2 GPa, becoming weakly first order as the pressure ap-
proaches the QC pressure of 1.6 GPa [20]. Similar obser-
vations were made in refined crystals of ZrZn2 [21]. In
both cases, there is substantial evidence for fluctuations
accompanying magnetic order in the vicinity of the criti-
cal pressure, implying that the phase transition is weakly
first order. Nonetheless, a new temperature dependence
for the electrical resistivity ρ(T)∼ ρ0+cT3/2 was found
in the vicinity of the QCP in MnSi, [22] and into the
high pressure paramagnetic phase as well [23].

Less well understood is the relationship between the
unconventional fluctuations associated with the QCP,
present even in systems that avoid quantum criticality
via a first order transition, and the stabilization of su-
perconductivity. In part, this is because the most de-
tailed studies of these fluctuations have been carried out
on the compounds mentioned above, none of which is
superconducting. So far, the only systems where super-
conductivity emerges from a ferromagnetically ordered
phase involving the same electrons are uranium based:
UGe2 [24], URhGe [25], UIr [26], and UCoGe [27].

The interplay of superconductivity and ferromagnetic
order, phases that at one time were considered mutu-
ally exclusive, has excited great theoretical interest [28–
32]. While theory generally agrees with experiments
that proximity to a QCP is important for stabilizing
unconventional superconductivity, they do not agree on
whether special conditions prevail in the uranium based
compounds that permit the coexistence of superconduc-
tivity and ferromagnetism, or whether the superconduc-
tivity has any generic aspects, to be found in virtually
any quantum critical ferromagnet of sufficient cleanli-
ness. Secondly, the impact of the first order character
of the ferromagnetic phase line on superconductivity is
still incompletely explored [33]. Key questions such as
the symmetry of the order parameter, the nature of the
gap, and the spatial texture of the superconducting state
are largely unanswered. For all these reasons, there is
a pressing need to identify new materials where these
issues can be more extensively investigated. Of special
significance is to identify a new ferromagnetic supercon-
ductor that is not uranium based. We make a step to-
wards fulfilling these needs by exploring the properties of
HfFeGa2 and HfMnGa2, which we will show are itiner-
ant ferromagnets. Their low Curie temperatures suggest
that they could be pressure tuned to quantum criticality,
perhaps revealing superconductivity.

The physical properties of HfFeGa2 and HfMnGa2
have not been reported previously. We present here the
results of ac magnetic susceptibility χ′ and dc magneti-
zation M(H) measurements, both performed on oriented
crystals of HfFeGa2 and HfMnGa2 using a Quantum De-
sign Magnetic Property Measurement System (MPMS).
χ′ was determined using a 0.4 mT ac field, with a measur-
ing frequency of 17 Hz. The temperature dependencies
of the specific heat C and electrical resistivity ρ were ob-
tained using a Quantum Design Physical Property Mea-

TABLE I. Room temperature lattice constants and key atom
spacings for HfFeGa2 and HfMnGa2, where M1 and M2 are
Fe1/Mn1 and Fe2/Mn2, respectively.

HfFeGa2 HfMnGa2

a (nm) 0.9906 0.9985

b (nm) 0.8415 0.8431

c (nm) 0.8949 0.9003

M1-M1 (Interchain) nm 0.4475 0.4502

M1-M1 (Intrachain) nm 0.4223 0.4200

M2-M2 (Interchain) nm 0.6675 0.6722

M2-M2 (Intrachain) nm 0.4207 0.4215

M1-M2 0.2573 0.2593

M1-Ga 0.2470 0.2432

M2-Ga 0.2478 0.2573

surement System (PPMS). ρ was measured in the stan-
dard four probe configuration. For HfMnGa2, the current
flowed along the crystallographic a-axis, but the direction
of the current flow was not along any of the principal crys-
tallographic directions for the HfFeGa2 crystal. Neutron
powder diffraction data were collected between 10 - 300
K using the triple axis spectrometer BT-9 at the NIST
Center for Neutron Research (NCNR). A 30 mg single
crystal of HfFeGa2 was mounted in a closed cycle re-
frigerator and was aligned so that a (301) reflection was
in the Bragg condition for the neutrons produced by a
PG002 monochromator (λ=2.36 Å).

We synthesized single crystals of HfFeGa2
and HfMnGa2 from Ga flux using the ratios
(Hf:Fe:Ga=1:1:20) and (Hf:Mn:Ga=1:4:5). The HfFeGa2
crystals form as faceted blocks, approximately 1-2 mm
on a side, while the HfMnGa2 crystals are rodlike,
with typical dimensions of 3mm long and 1 mm in
both of the perpendicular directions. Powder x-ray and
neutron diffraction measurements were used to verify the
previously reported crystal structures [34] for HfFeGa2
and HfMnGa2.

We confirm that both HfFeGa2 and HfMnGa2 form in
the HfFeGa2 oP48 structural prototype, with the Pnma
space group. The HfFeGa2 structure is shown in Fig. 1,
and a summary of the lattice constants and other perti-
nent atom spacings in HfFeGa2 and HfMnGa2 are pre-
sented in Table I. There are two inequivalent Fe (Mn)
atoms in this structure, and they are arranged in sep-
arate columns along the b-axis. The closest Fe-Fe dis-
tance is between neighboring columns, while the Fe1-Fe1
(Mn1-Mn1) and Fe2-Fe2 (Mn2-Mn2) distances along the
columns are identical. The nearest neighbors of the Fe
(Mn) atoms are Ga atoms, which form cagelike channels
that surround the isolated Fe1 (Mn1) and Fe2 (Mn2)
columns. Single crystal x-ray diffraction measurements
were used to index the facets of HfFeGa2 and HfMnGa2,
where the a-axis was found to be along the rod axis.
The nominal structures of HfFeGa2 and HfMnGa2 were
also confirmed using single crystal x-ray diffraction mea-
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FIG. 1. (Color online) Two different perspective views of
a unit cell of HfMGa2 (M=Fe,Mn) (dotted lines), with atom
types as indicated in key. (a) The b-c plane. Note the columns
of Fe1 (Mn1) and Fe2 (Mn2) atoms along the b-axis. (b): The
columns of Fe (Mn) atoms are surrounded by a distorted,
tubelike cage of Ga atoms. Atomic spacings are not to scale.
See Table I for information about atom spacings.

surements. Although strong absorption from Hf limited
the accuracy of our fits, we obtained a refinement factor
R1=0.0164, permitting no more than 1-2 % variation in
site occupancy.

The magnetic characters of HfFeGa2 and HfMnGa2 are
evident from their ac magnetic susceptibilities χ′, plot-
ted in Fig. 2. In both cases, χ′ can be described by a
Curie-Weiss law for temperatures between ≈100 - 300 K
for HfFeGa2 and ≈60- 300 K in HfMnGa2 (Fig. 2c,d).
The moments deduced from these fits are 2.3±0.1 µB/Fe
and 1.6±0.1 µB per Mn, while HfFeGa2 has a Weiss
temperature θ=60 ±2 K, and θ=28±2 K for HfMnGa2.
Figs. 2a,b show that there is virtually no anisotropy in
χ

′

for either compound over the range of temperatures
where the Curie-Weiss laws are observed. A large and
very sharp peak is observed at 47.9 K in HfFeGa2 and

FIG. 2. The temperature dependencies of the ac magnetic

susceptibility χ
′

for HfFeGa2 (a) and HfMnGa2 (b), for the
0.4 mT field in all three crystallographic directions, B‖a (�),
B‖b (∗), and B‖c (◦). Insets show expanded views of tem-
peratures near the ordering temperatures. The temperature
dependencies of the inverses of the ac magnetic susceptibilities

(χ
′

)−1 for HfFeGa2 (c) and HfMnGa2 (d) with B‖b, demon-
strating Curie-Weiss behaviors at high temperatures (solid
lines). The susceptibility of the sample holder has been sub-
tracted for both HfFeGa2 and HfMnGa2.

at 25.6 K in HfMnGa2, signalling the onset of magnetic
order. There is substantial magnetic anisotropy in the
magnetically ordered state, where the extrapolated T→0
values for χ′ are ≈ 10 times smaller in both HfFeGa2 and
HfMnGa2 when the field is along the b-axis, than when
it is along either a or c. The insets of Figs. 2a,b show ex-
panded views of χ

′

, demonstrating that additional peaks
are present for HfFeGa2 and HfMnGa2 above the main
ordering peak when B‖b. These peaks appeared in all
samples with similar relative strengths and are insensi-
tive to the field orientation, but are absent in the dc
magnetization measurements, which are carried out in
fields larger than 1 T. One possibility is that Fe1 (Mn1)
and Fe2 (Mn2) sites order separately, at slightly different
temperatures. Alternatively, small deviations in compo-
sition or site occupancy consistent with our refinement
of the single crystal x-ray diffraction measurements may
result in the formation of secondary ferromagnetic phases
that can be saturated in 1 T. Further measurements us-
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ing more sophisticated probes such as nuclear magnetic
resonance or neutron diffraction are required to test these
possibilities.
Measurements of the field dependencies of the dc mag-

netization M(H), presented in Fig. 3a,b, confirm that
both HfFeGa2 and HfMnGa2 order ferromagnetically at
low temperatures. At 1.8 K, M(H) is highly nonlinear,
especially for B‖b. The approach to saturation is very
rapid for B‖b, but is much more gradual for fields in the
basal plane, reaching saturation moments of ≈0.7 µB/Fe
in HfFeGa2 and 0.35 µB/Mn in HfMnGa2. The satura-
tion moments for HfFeGa2 and HfMnGa2 were confirmed
in measurements on two crystals of each compound taken
from different batches. Full magnetization loops were
measured at 1.8 K, and are presented in Fig. 4a,b, clearly
demonstrating that the ordered states are ferromagnetic.
The loops are symmetrical but not entirely square, and
are superimposed on an additional paramagnetic com-
ponent that increases linearly with increasing field. A
coercive field Hc of 1700 Oe is found in HfFeGa2, but
is only 320 Oe for HfMnGa2. HC varies by less than 1-
2% among crystals of both HfFeGa2 and HfMnGa2 taken
from different batches.

FIG. 3. The field dependencies of the dc magnetization M for
HfFeGa2 (a) and HfMnGa2 (b) at 1.8 K, for the dc field in all
three crystallographic directions, B‖a (�), B‖b (⋆), and B‖c
(◦).

The field dependencies of the dc magnetization M(H)
of HfFeGa2 and HfMnGa2 were measured for a variety
of temperatures both above and below their ordering
temperatures TC (Fig. 5a,b), with the aim of obtain-
ing further information about the ferromagnetic phase
transitions via Arrott plot analyses. The isotherms of
M(H) with B≥4 T are parallel and evenly spaced in
the modified Arrott plots (M1/β as functions of B/M)
presented in Fig. 5c,d. We identify TC=47.9 K as the
critical isotherm for HfFeGa2 and 25.6 K for HfMnGa2
(Fig. 5b,e) where we find that M∝H1/δ, with δ=2.8±0.1
for HfFeGa2(Fig. 5e) and 3.7±0.1 for HfMnGa2 (Fig. 5f).
The temperature dependence of the spontaneous moment
M0(T) can be determined from the Arrott plots by ex-

FIG. 4. The full magnetization loops M(H) at 1.8 K with
B‖b-axis for HfFeGa2 (a) and HfMnGa2 (b).

trapolating M1/β(T) to its value as B/M→0. M0(T) is
plotted in Fig. 6a, displaying an order-parameter like
temperature dependence in both HfFeGa2 and HfMnGa2,
becoming nonzero at their respective values of TC and
rising to a T→0 value of 0.5 µB/Fe in HfFeGa2 and
0.3 µB/Mn in HfMnGa2. Fig. 6b shows that M0 ∼tβ ,
over a range of reduced temperature t=(TC -T)/TC that
approaches three orders of magnitude in HfFeGa2 and
slightly less in HfMnGa2, giving β=0.36±0.02 in the for-
mer and β=0.37±0.03 in the latter. These values for β
are not consistent with the ferromagnetic transitions be-
ing mean-field like, which would give β=0.5. However,
they are consistent with either Heisenberg (β=0.333) or
Ising (β=0.327) class exponents.
We have confirmed the ferromagnetic order parameter

M0(T) using neutron diffraction measurements. These
experiments were carried out on a 30 mg single crystal of
HfFeGa2 using the BT-9 triple axis spectrometer. The
temperature dependent intensity of the magnetic part of
the (301) Bragg peak has been scaled to match the T→0
value of the spontaneous moment M0(T), and the two
measurements are compared in Fig. 6a. There is ex-
cellent agreement between these two independent mea-
surements of the HfFeGa2 order parameter, confirming
that ferromagnetic order occurs at 47.9 K in HfFeGa2.
We note that there is no additional structure in M0(T)
above TC , where the second peak in the ac susceptibility
is observed. Additional experiments in different planes
in reciprocal space would be required to definitively rule
out the possibility mentioned above of an intrinsically
two-step ferromagnetic transition.
While the ac susceptibility χ′ is well described by a

Curie Weiss law for T≥100 K, a critical response is found
in the vicinity of the ferromagnetic transition. χ′ is
compared in Figs. 7a,b to the initial susceptibility χ0,
taken from the horizontal intercepts of the Arrott plot
isotherms. The two measurements are identical in both
HfFeGa2 and HfMnGa2, within our experimental accu-
racy. Figs. 7c,d demonstrate that both compounds have
power law temperature dependencies χ′=χ0 ∼ t−γ , with
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FIG. 5. The field dependencies of the dc magnetization of
HfFeGa2 (B‖b) (a) and HfMnGa2 (B‖b) (b) at different tem-
peratures from 2 K to 65 K. (c) and (d) modified Arrott plots

M1/β vs B/M of the same data as (a) and (b), for different
isotherms bracketing the critical isotherms. The field depen-
dence of the magnetization M(H) at the critical isotherm,
HfFeGa2 in (e), HfMnGa2 in (f). Solid lines indicate power

law fit M(TC)≈H1/δ.

slightly different values of γ=1.13±0.08 in HfFeGa2 and
1.01±0.05 in HfMnGa2.

We have measured the specific heat of a 7.5 mg sin-
gle crystal of HfFeGa2 and a 12.5 mg single crystal of
HfMnGa2 for temperatures 1.8-300 K. The measured spe-
cific heat C is broad and featureless in both compounds

FIG. 6. (a) The temperature dependencies of the sponta-
neous moment M0 determined from the Arrott plot analy-
sis in HfFeGa2 (�, B‖b) and HfMnGa2(©,B‖c). The solid
grey vertical markers correspond to the temperature depen-
dent part of the (301) neutron diffraction peak of HfFeGa2,
scaled to correspond to the extrapolated T→0 value of M0

taken from magnetization measurements. Dashed lines indi-
cate power law fits, assuming TC=47.9 K (HfFeGa2) and 25.6
K (HfMnGa2). (b) M0 as a function of the reduced tempera-
ture t=(TC-T)/TC for HfFeGa2 (�) and HfMnGa2(©). The
critical exponent β is taken from the slopes of the solid lines,
which are the best power law fits to the spontaneous moment
taken from the Arrott plot analyses. Neutron diffraction in-
tensities (gray vertical lines) are shown for comparison.

(Figs. 8a,b). We have used the Debye model to estimate
the specific heat contribution from the phonons,CPh,
which we take to be identical in HfFeGa2 and HfMnGa2,
with θD=314 K. The high temperature data of HfFeGa2
(Fig. 8a) are well described by the Debye model. We have
plotted in Fig. 8c the difference between the measured
specific heats C for HfFeGa2 and HfMnGa2, divided by
temperature, to emphasize that the two measurements
differ above 100 K only by a constant that has a magni-
tude of 0.033 J/mol K2. We conclude that there is little
specific heat in HfFeGa2 above ≈ 100 K, beyond that
originating with the phonons, while HfMnGa2 has an ad-
ditional electronic specific heat in its paramagnetic state.
The combination of the Debye and the electronic contri-
butions describes the measured specific heat of HfMnGa2
very well above ≈ 100 K(Fig. 8b). Fig. 8c shows that
there is an increasing difference between the specific heats
for HfFeGa2 and HfMnGa2 below ≈100 K. Small anoma-
lies are clearly shown at the 47.9 K and 25.6 K ordering
temperatures of HfFeGa2 and HfMnGa2, indicated by the
dotted vertical lines. We have plotted C/T3 as a func-
tion of temperature in Fig. 8d to emphasize that both
HfFeGa2 and HfMnGa2 depart from the Debye model
of the specific heat below ≈ 100 K. Both HfFeGa2 and
HfMnGa2 show an additional broad shoulder in C/T3 be-
tween ≈ 10 - 50 K, which is almost identical in the two
compounds. Given the very different Curie temperatures
in the two compounds, we conclude that this feature has
no direct relationship to critical fluctuations associated
with the onset of ferromagnetic order. Similarly, we feel
that an explanation in terms of a Schottky anomaly is
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FIG. 7. The temperature dependencies of the initial suscep-
tibility χ0(•) from the Arrott plot analysis and the real part

of the ac susceptibility χ
′

(©) for HfFeGa2 (a) and HfMnGa2
(b). Solid lines are guides for the eye, and dashed lines in-

dicate Curie temperatures taken from the maxima in χ
′

. (c)
and (d): Same data plotted as functions of the reduced tem-
perature t=(T-TC)/TC . Solid lines are best power law fits
to the data, giving slopes γ=1.13±0.08 for HfFeGa2 (c) and
γ=1.01±0.05 for HfMnGa2 (d).

unlikely, not only because of the delocalized characters
of the moments in HfFeGa2 and HfMnGa2, but also be-
cause this explanation would require the low lying states
in the putative crystal field and spin orbit split manifolds
of the Fe and Mn ions to coincidentally have the same
relative degeneracies and level spacings. The most likely
explanation is that there are low-lying and energetically
isolated lattice modes present in both compounds. The
cagelike configuration that surrounds the chains of Fe
and Mn atoms in the HfFeGa2 and HfMnGa2 structure
(Fig. 1) makes an analogy to the skutterudite RT4Sb12
(R=rare earth, T=transition metal) structure appealing,
where just such a mode has been observed and is at-
tributed to a ‘rattling’ of the R atoms in the T4Sb12
cage [35]. Unfortunately, attempts to model the broad
specific heat features in HfFeGa2 and HfMnGa2 as iso-
lated Einstein modes were unsuccessful, since they are
too broad in temperature to be explained as single Ein-
stein modes. The lattice symmetry does not rule out
the possibility of multiple Einstein modes. Finally, we
point out that both HfFeGa2 and HfMnGa2 have a con-
siderable electronic specific heat γT as T→0, where γ=41
mJ/mol K2 in HfFeGa2 and 56 mJ/mol K2 in HfMnGa2
(Insets, Figs. 8a,b). Since values for γ above TC are
≈0 for HfFeGa2 and 33 mJ/mol K2 for HfMnGa2, this
implies that the formation of spin-split bands at the on-
set of ferromagnetic order results in stronger electronic

FIG. 8. (a) The measured specific heat of HfFeGa2 (©).
Dashed line shows best fit to Debye model. Inset: C/T vs T2

plot, demonstrating the T→ 0 Sommerfeld constant γ=C/T.
(b) The measured specific heat of HfMnGa2 (©). Dashed line
shows best fit to Debye model plus a term linear in temper-
ature γT (see text). Inset: C/T vs T2 plot, demonstrating
the T→ 0 Sommerfeld constant γ=C/T. (c) The difference
between the measured C/T for HfMnGa2 and HfFeGa2. Ver-
tical dotted lines indicate the Curie temperatures of HfFeGa2
(47.9 K) and HfMnGa2 (25.6 K). (d) The measured C/T3,
plotted as a function of T for HfFeGa2 (©) and HfMnGa2
(•). Vertical dotted lines indicate respective Curie tempera-
tures, while the dashed line indicates the Debye contribution
to C/T3.

correlations and overall larger electronic masses for both
compounds.

Measurements of the temperature dependencies of
the electrical resistivities ρ(T) establish HfFeGa2 and
HfMnGa2 as metallic compounds (Fig. 9a,b). In both
compounds, ρ(T) decreases monotonically below room
temperature, and the onset of ferromagnetic order at TC

is marked by slope discontinuities (insets, Fig. 9a,b). The
residual resistivity ρ0 is quite large, amounting to 234 µΩ
cm in HfFeGa2 and 169 µΩ cm in HfMnGa2, indicating
that a substantial degree of disorder is present in both
compounds. The temperature dependent part of the re-
sistivity ∆ρ=ρ-ρ0 is plotted for both compounds in a dou-
ble log plot in Fig. 9c, demonstrating that they follow a
power law ∆ρ=ATn, where n=1.67±0.015 in HfFeGa2
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and n=1.71±0.01 in HfMnGa2. The power n that is
found in these analyses is close to 5/3 in both compounds,
and we have plotted ∆ρ as functions of T5/3 in Fig. 9d
for HfFeGa2 and HfMnGa2 to show that this power law
persists virtually to the Curie temperature TC=25.6 K in
HfMnGa2, where the current flows along the a-axis, but
over a more limited range of temperatures T≤ 18 K≈0.38
TC in HfFeGa2, where the relationship between the cur-
rent direction and the crystalline axes is not controlled.
The power law found in our resistance measurements
definitively rules out the possibility that the ferromagnet-
ically ordered phase is a conventional Fermi Liquid with
n=2, but instead shows the temperature dependence ex-
pected for a marginal Fermi Liquid, n=5/3 [4, 13].
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FIG. 9. The temperature dependencies of the resistivity ρ(T)
of HfFeGa2 (a) and HfMnGa2 (b). Insets show an expanded
view of ρ(T) at low temperatures, where the vertical dashed
lines indicate the Curie temperatures taken from ac suscep-
tibility measurements. (c) The resistivity in the ordered
state obeys a power law ∆ρ=ρ-ρ0=ATn in both HfFeGa2
(�,n=1.67±0.015) and HfMnGa2 (©, n=1.71±0.01) (d). ∆ρ

plotted as a function of T5/3. Dashed lines are straight line
fits that show that this temperature dependence persists up
to TC ≈ 25.6 K in HfMnGa2 (©) and to ≈ 18 K in HfFeGa2
(�).

The major finding of this work is the discovery that
HfFeGa2 and HfMnGa2 are two new additions to the
class of metallic and itinerant ferromagnets with low
Curie temperatures, which are 47.9 K for HfFeGa2 and
25.6 K for HfMnGa2. Both compounds have substan-
tial coercive fields of 1700 Oe in HfFeGa2 and 320 Oe
in HfMnGa2, as well as strong uniaxial anisotropy in
the ordered state, where the crystallographic b-axis is
the easy magnetic axis. The critical phenomena associ-
ated with the onset of ferromagnetic order in HfFeGa2
and HfMnGa2 reveal conventional second order phase
transitions in both. A full set of critical exponents has

TABLE II. A comparison of the critical exponents found in a
variety of metallic ferromagnets with different Curie tempera-
tures TC to values from different critical models of ferromag-
nets. β is determined from the spontaneous moment, M0 ∝
(TC -T)

β, γ from the initial susceptibility χ0 ∝ (T-TC)
−γ ,

and for the critical isotherm, M∝H1/δ.

Compound TC(K) β γ δ Reference

HfFeGa2 47.9 0.36(2) 1.13(8) 2.8(1) This work

HfMnGa2 25.6 0.37(3) 1.01(5) 3.7(1) This work

Ni 635.5 0.399 1.342 4.40 [36]

SrRuO3 150 K 0.34 1.17 – [37]

Ni3Al 56.38 0.48 0.99-1.085 2.998 5 [38]

EuB6 12.6 0.36 0.88 – [39]

FeNi3 872.9 0.4 1.301 – [40]

URu1.8Re0.2Si2 0 0.8 0.18 1.23 [41]

Mean Field – 0.5 1.0 3.0

3D-Heisenberg – 0.365 1.387 4.803 [42, 43]

3D-Ising – 0.326 1.237 4.77 [44]

3D FM-QCP 0 2 1 1.5 [7]

been determined from the Arrott plot analyses, yield-
ing β=0.36±0.02 in HfFeGa2 (0.37±0.01 in HfMnGa2),
γ=1.13±0.08 in HfFeGa2 (1.01±0.05 in HfMnGa2), and
δ=2.8±0.1 in HfFeGa2 (3.7±0.1 in HfMnGa2). These
exponents are compared in Table II to those found in a
number of different types of metallic ferromagnets, and
with the values expected for the mean field and the three
dimensional Ising and Heisenberg models. The values of
γ and δ are in good agreement with the mean field expo-
nents β=0.5, γ=1, and δ=3, but the exponent β is more
consistent with either Ising or Heisenberg exponents. In
particular, there is no indication in any of these com-
pounds of criticality associated with a nearby quantum
critical point, which in mean field would give a contri-
bution to the susceptibility 1/χ ≈T4/3 [2, 4, 15]. The
general success of this analysis of the critical phenomena
similarly demonstrates that the ferromagnetic transitions
in HfFeGa2 and HfMnGa2 are decidedly second order,
with no evidence for the first order character that is ob-
served in systems such as MnSi [20] and ZrZn2 [21] when
pressure reduces their Curie temperatures to ≈ 0.3 - 0.5
of their ambient pressure values. Critical fluctuations
play a decisive role over a wide range of temperatures
above and below TC in HfFeGa2 and HfMnGa2.

HfFeGa2 and HfMnGa2 are in many respects very sim-
ilar to other itinerant ferromagnets with low Curie tem-
peratures. Ferromagnetism develops from a high temper-
ature paramagnetic state where the fluctuating moments
Mfluct taken from Curie-Weiss susceptibilities are con-
sistent with free ion values, i.e. 2.3 µB/Fe in HfFeGa2
and 1.6 µB/Mn in HfMnGa2. However, the T=0 spon-
taneous moments M0 determined from Arrott plot anal-
yses of the magnetization are much smaller, 0.5 µB/ Fe
in HfFeGa2 and 0.3 µB/Mn in HfMnGa2. This implies
that relatively little of the moment is static in the or-
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dered state, and the strength of these fluctuations sug-
gests that both HfFeGa2 and HfMnGa2 show signs of
impending ferromagnetic instability. To place this re-
sult in context, we have plotted the ratio Mfluct/M0 as
a function of Curie temperature for a number of metallic
ferromagnets in a Rhodes-Wohlfarth plot [45] (Fig. 10),
demonstrating the general trend that this ratio becomes
larger when ferromagnetic order is restricted to progres-
sively lower temperatures. HfFeGa2 and HfMnGa2 lie in

1 10 100 1000
T

C
 (K)

1
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M
!

u
c

t/M
0

HfFeGa

HfMnGa2
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q

q

FIG. 10. The Rhodes-Wohlfarth plot of the ratio of fluctuat-
ing to static moments in the ordered state of different metallic
ferromagnets as a function of their Curie temperatures TC .
HfFeGa2 and HfMnGa2: ©; MnSi:� [46];ZrZn2: � [9];Sc3In:
♦ [10, 11];URhGe: � [52];Ni3Al: ⋆ [53]; UIr2Zn20:H [54];
URh1.4Re0.6Si2: N [55]. Remaining data are from [45, 54].

the same region of the Rhodes - Wohlfarth plot as other
stoichiometric, transition metal-based ferromagnets with
similar Curie temperatures, such as MnSi, ZrZn2, Sc3In,
and Ni3Al. In particular, HfMnGa2 and MnSi are es-
pecially well matched, with Curie temperatures of 29.5
K for MnSi [8] and 25.6 K for HfMnGa2, a spontaneous
moment of 0.4 µB/Mn for MnSi [46] and 0.3 µB/Mn for
HfMnGa2, and Mfluct/M0=3.5 for MnSi [46] and 4.85
for HfMnGa2. From this viewpoint, HfMnGa2, and to
a lesser extent HfFeGa2, may be excellent candidates
for experiments that would use high pressures to drive
TC →0, with the aim of revealing non-Fermi liquid prop-
erties, a bona fide quantum critical point where TC →0,
or perhaps the crossover to first order character that was
found in MnSi [20, 22] and also in ZrZn2 [21].

The properties of the ordered states are also quite
similar to those of known metallic ferromagnets. We
find values for the Sommerfeld coefficient of the spe-
cific heat γ ≈40 - 60 mJ/molK2 that are large in an
absolute sense for a transition metal-based intermetal-
lic compound, but similar to the 36 mJ/molK2 found in

MnSi [47] and 45 mJ/molK2 of ZrZn2 [48]. de Haas-
van Alphen studies of ZrZn2 [49] and MnSi [50] explic-
itly confirm that the masses of the quasiparticles in the
ferromagnetically ordered state are strongly enhanced,
relative to their putative values in the noninteracting
electronic structure. Ordinarily, the ferromagnetically
ordered state is expected to be a Fermi liquid at the
lowest temperatures, with ∆ρ=ρ(T)-ρ0=AT2. Instead,
we find that ∆ρ=BT5/3 in HfMnGa2 for T≤TC , and for
T≤0.35 TC in HfFeGa2. The large residual resistivities of
these compounds prevent us from extending the measure-
ments of ρ(T) to lower temperatures, where a crossover to
Fermi liquid behavior as T→0 is expected. ∆ρ=BT5/3

is the expected temperature dependence of a marginal
Fermi Liquid (MFL), where long ranged magnetic inter-
actions lead to scattering that reduces the quasiparticle
lifetime, ultimately to zero as T→0 [4, 13]. The distinc-
tive ∆ρ=BT5/3 behavior has been observed in several
ferromagnetic systems with low Curie temperatures, sug-
gesting that the magnetic fluctuations found near ferro-
magnetic QCPs may provide the exact conditions needed
to realize the MFL. Previous to our work, ∆ρ=BT5/3 has
been observed below a characteristic temperature scale
TMFL in three different scenarios involving ferromag-
nets. First, it is found in Pd1−xNix [16] over a wide
range of temperatures 0≤T≤TMFL, but only at the crit-
ical value xC required to drive TC to zero. In ambi-
ent pressure ZrZn2, Fermi liquid behavior is found at
the lowest temperatures T≤TFL, but ∆ρ=BT5/3 for a
wide range of temperatures both above and below TC ,
ie. for TFL≤T≤TMFL, where TFL ≤TC≤TMFL [51].
Finally, in ambient pressure Ni3Al, it is only observed
for a range of temperatures TFL≤T≤TMFL deep within
the ferromagnetic state, where TMFL≪TC [17]. Our
measurements are consistent with this third scenario in
both HfFeGa2, where TMFL ≈0.38TC and in HfMnGa2,
where TMFL ≈TC . As in most of these previous works,
we do not find signatures in HfFeGa2 or HfMnGa2 of the
MFL in other measured quantities, such as the specific
heat obeying C/T∝-ln T [4, 14] or the temperature de-
pendent part of the magnetic susceptibility χ(T) having
(χ(T)-χ0)

−1=aT4/3 [2, 4]. We speculate that the strong
critical susceptibility and the broad phonon peak in the
specific heat overwhelm these more delicate signatures
of the marginal Fermi Liquid that is evidenced by the
electrical resistivity.

The observation of MFL behavior in HfFeGa2 and
HfMnGa2 is perhaps surprising, since their residual resis-
tivities are as much as several orders of magnitude larger
than those found in other MFL systems like ZrZn2 and
Ni3Al, where disorder can be expected to play a much
more limited role. Still, we find MFL behavior over a
similarly large range of temperatures in HfFeGa2 and
HfMnGa2, and in the former case this behavior extends
up to the Curie temperature itself. It is intriguing to
note that the MFL signatures in the resistivity of ZrZn2
are most pronounced in the vicinity of the first order
transition produced by high pressures [51], where the co-
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existence of ordered and paramagnetic domains can be
expected to introduce a new, shorter length scale. It will
be interesting to see whether the range of temperatures
on which the MFL resistivity ∆ρ=BT5/3 is observed will
increase or decrease as we continue to improve the quality

of these new itinerant ferromagnets.

This work was carried out under the auspices of the
U.S. Department of Energy, Office of Basic Energy Sci-
ences under Contract No. DE-AC02-98CH1886.
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Rev. Mod. Phys. 79, 1015 (2007).
[7] D. Belitz, T. R. Kirkpatrick, and T. Vojta, Rev. Mod.

Phys. 77, 579 (2005).
[8] H. J. Williams, J. H. Wernick, R. C. Sherwood, and G.

K. Wertheim, J. Appl. Phys. 37, 1256 (1966).
[9] G. S. Knapp, F. Y. Fradin, and H. V. Culbert, J. Appl.

Phys. 42, 1341 (1971).
[10] B. T. Matthias, A. M. Clogston, H. J. Williams, E.

Corenzwit, and R. C. Sherwood, Phys. Rev. Lett. 7, 7
(1961).

[11] W. E. Gardner, T. F. Smith, B. W. Howlett, C. W. Chu,
and A. Sweedler, Phys. Rev. 166, 577 (1968).

[12] J. H. Fluitman, B. R. de Vries, R. Boom, and C. J.
Schinkel, Phys. Lett. A 28, 506 (1969).

[13] J. Mathon, Proc. R. Soc. London A 306, 355 (1968).
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