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We report the pressure dependence of the Néel temperature TN up to P ∼ 27 GPa for the
recently discovered itinerant antiferromagnet (IAFM) TiAu. The TN(P ) phase boundary exhibits
unconventional behavior in which the Néel temperature is enhanced from TN ∼ 33 K at ambient
pressure to a maximum of TN ∼ 35 K occurring at P ∼ 5.5 GPa. Upon a further increase in
pressure, TN is monotonically suppressed to ∼ 22 K at P ∼ 27 GPa. We also find a crossover in the
temperature dependence of the electrical resistivity ρ in the antiferromagnetic (AFM) phase that
is coincident with the peak in TN (P ), such that the temperature dependence of ρ = ρ0 + AnT

n

changes from n ∼ 3 during the enhancement of TN to n ∼ 2 during the suppression of TN . Based on
an extrapolation of the TN (P ) data to a possible pressure induced quantum critical point (QCP),
we estimate the critical pressure to be Pc ∼ 45 GPa.

PACS numbers: 75.30.Kz, 75.50.Ee, 75.47.Np, 62.50.-p

I. INTRODUCTION

There are relatively few examples of materials that
approximate a purely itinerant (or delocalized) electron
magnet. Only the delocalized 3d-electron bands of the
transition metal elements have the requisite energy band-
width W and wavevector magnitude k, that can create
a large density of states (DOS) at the Fermi energy ǫF ,
that is unstable to the formation of a magnetically or-
dered ground state. The few transition metal materials
that approach the extreme case of pure itinerant electron
magnets include the weak itinerant ferromagnets (IFMs)
ZrZn2

1 and Sc3In
2 and the recently discovered weak itin-

erant antiferromagnet (IAFM) TiAu.3

It is expected that significant effects are to be observed
in the magnetic properties of weak IFMs under the appli-
cation of pressure.4–6 The application of pressure usually
results in a reduction in magnetic order owing to a broad-
ening of the electron bands and an associated decrease
in the DOS(ǫF ). This reduction in the DOS(ǫF ) often
dominates the expected increase in magnetization that
results from an enhancement of the exchange interaction
J as pressure is increased.6,7 In the weak IFM ZrZn2, the
Curie temperature TC ∼ 25 K at ambient pressure is sup-
pressed rapidly to TC = 0 K toward a quantum critical
point (QCP) at a modest critical pressure of Pc = 0.85
GPa.8–10 However, it has been shown that the applica-
tion of pressure can stabilize the band magnetism over a
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certain range of pressure as observed in the anomalous
behavior for the weak IFM Sc3In, in which the magnetic
ordering temperature is enhanced with the application of
hydrostatic pressure up to P ∼ 3 GPa.7,11

In this report, we explore the effect of pressure on the
Néel temperature TN , in the IAFM TiAu, as a follow up
to the recent study on the suppression of TN with chem-
ical doping in the Ti1−xScxAu system toward a QCP.12

The initial report on the synthesis and characterization
of polycrystalline samples of phase-pure, orthorhombic
TiAu indicates that the intermetallic compound behaves
as an IAFM with an ambient pressure Néel temperature
TN = 36 K.3 Neutron diffraction measurements revealed
a magnetic peak at the Q = (0, π/b, 0) modulation vec-
tor well below TN , with an estimated magnetic moment
of 0.15 µB per formula unit (compared to the relatively
large paramagnetic (PM) moment above TN of µPM ≃

0.8 µB per formula unit as derived from the linear fit of
the high-temperature inverse susceptibility vs tempera-
ture). In addition, muon spin relaxation (µSR) measure-
ments revealed the existence of strong spin fluctuations
in the PM phase above TN ≃ 35 K, which quickly vanish
throughout the sample volume over a small temperature
range (∼ 5 K) at the transition temperature.3

Upon substitution of trivalent Sc3+ ions for Ti4+ ions,
there is a rapid and monotonic suppression of the Néel
temperature for the Ti1−xScxAu system from TN = 36
K at x = 0 toward a two-dimensional (2D) AFM QCP
at a critical concentration of xc = 0.13.12 The quantum
phase transition to a two-dimensional antiferromagnet is
reflected in both the linear temperature dependence of
the electrical resistivity and the logarithmic divergence
with decreasing temperature of the specific heat divided
by temperature close to the QCP.12

In the present study, the pressure dependence of TN
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was determined from measurements of electrical resistiv-
ity ρ, for several polycrystalline samples of TiAu as per-
formed in various pressure cells over a range in pressure
from P = 0 to 27 GPa. The features observed in the mea-
surements of ρ(T, P ) allowed us to track the evolution of
the Néel temperature TN as a function of pressure, P . In
contrast to the T (x) dependence, we initially observe a
positive pressure coefficient dTN/dP > 0 at low pressure
up to a maximum in TN at P ∼ 5.5 GPa which is fol-
lowed by a monotonic suppression of TN with a further
increase in pressure. The temperature dependence of the
electrical resistivity was determined from power law fits
of the electrical resistivity ρ = ρ0 + AnT

n to the ρ(T )
data above and below TN . During the enhancement of
TN at low pressure (P ≤ 5.5 GPa), ρ(T ) exhibits a T 3

temperature dependence in the antiferromagnetic phase.
Interestingly, there is an abrupt change in the tempera-
ture dependence of ρ(T ) from T 3 to T 2 that is coincident
with the peak in the TN (P ) phase boundary at P ∼ 5.5
GPa. As pressure is increased beyond 6 GPa and TN is
suppressed down to 22 K, ρ(T ) continues to exhibit a T 2

dependence up to P ∼ 25 GPa. At this pressure, the
anomalous drop in ρ(T ) is no longer detectable and ρ(T )
returns to a nearly T 3 behavior.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of TiAu were prepared by ar-
cmelting Au and Ti as described previously in Ref. 3.
The measurements of electrical resistance R under pres-
sure were performed for 5 different samples of TiAu in
one of three types of pressure cells: (1) a piston cylinder
cell (PCC), (2) a Bridgman anvil cell (BAC), and (3) a
designer diamond anvil cell (DAC). The polycrystalline
sample of TiAu (sample 0) measured in the PCC and
the polycrystalline sample of TiAu (sample 1) measured
in the first BAC are from the same synthesis performed
at Rice University, while polycrystalline samples of TiAu
(samples 2 and 3) measured simultaneously in the second
BAC along with the polycrystalline sample of TiAu (sam-
ple 4) measured in the DAC are from a second synthesis
performed at Rice University. While the geometrical fac-
tor for TiAu sample 0 measured in the PCC was easily
determined, we note that the geometical factor of the
TiAu samples measured in the BACs and the DAC was
too uncertain to yield a reasonable determination of the
electrical resistivity ρ. Hence, we are only able to report
the scaled electrical resistivity ρ/ρ300K, for the samples
measured in the two BACs and the DAC, where ρ300K is
the value of electrical resistivity measured at 300 K.
In order to minimize the contact resistance for the sam-

ple measured in the PCC, a standard four-wire electri-
cal resistivity measurement technique was used in which
platinum wire leads were attached to the surface of the
sample with two-part silver epoxy. The measurements
of ρ in the PCC were performed at pressures ranging
from ambient pressure (P ∼ 0 GPa) up to a pressure P
∼ 1.8 GPa in an equal parts by volume mixture of n-

pentane and isoamyl alcohol as a pressure-transmitting
medium. The load was applied to the PCC at room tem-
perature (T ∼ 300 K) which is much higher than the
melting point of the pressure-transmitting medium (T ∼

120 K) to ensure a nearly hydrostatic pressure environ-
ment. The pressure in the PCC at low temperature (T
< 4 K) was determined by an inductive measurement of
the superconducting transition temperature Tc, of high-
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FIG. 1. (Color online) (a) Electrical resistivity ρ vs tempera-
ture T at P = 0 and 1.8 GPa as measured in a piston cylinder
cell (PCC). The arrows indicate the features in ρ that corre-
spond to values of TN = 32.7 K and 35.5 K at P = 0 and 1.77
GPa, respectively. Inset: Electrical resistivity ρ vs T up to T
= 200 K at various pressures up to P = 1.8 GPa displaying
the nearly linear temperature dependence and metallic be-
havior of ρ in the PM phase. The ρ vs T curves have been
shifted vertically for clarity in illustrating the increase in TN

with increasing pressure. (b) The temperature derivative of
the electrical resistivity dρ/dT vs temperature T at various
pressures (shifted vertically for clarity). The Néel tempera-
ture at each pressure was determined from the maximum in
dρ/dT as indicated by the arrows and the values of TN are
listed in Table I.
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TABLE I. The values of the Néel temperature TN , at pressure P , for the TiAu Samples 0, 1, 2, 3, and 4 measured in the various
pressure cells.

TiAu Sample 0 TiAu Sample 1 TiAu Sample 2 TiAu Sample 3 TiAu Sample 4

P (GPa) TN (K) P (GPa) TN (K) P (GPa) TN (K) P (GPa) TN (K) P (GPa) TN (K)

0 32.7 2.2 33.1 2.7 31.7 2.7 31.7 2.2 30.7

0.42 32.9 3.7 34.7 5.4 32.7 5.4 32.3 5.0 32.2

0.71 33.1 5.8 35.2 12.7 28.9 7.3 31.9 9.7 28.5

1.25 34.2 6.2 33.2 13.4 28.8 12.7 29.0 15.0 25.9

1.77 35.5 − − 14.3 26.9 13.4 28.6 18.1 24.7

− − − − 14.8 26.8 − − 26.7 22.1

− − − − 16.3 26.5 − − − −

purity Sn (99.999%) and then compared with the estab-
lished pressure dependence of Tc for Sn.13

The measurements of electrical resistance R, for three
different samples (TiAu samples 1, 2, 3) in two differ-
ent BACs were performed at pressures ranging from P
∼ 2.5 to 16 GPa. TiAu sample 1 was measured inde-
pendently in a BAC and TiAu samples 2 and 3 were
measured together in a second BAC. The pressure de-
pendent measurements of R in the BACs were made by
using nonmagnetic tungsten carbide anvils to compress
the sample in solid steatite used as a quasi-hydrostatic
pressure-transmitting medium. Electrical resistance R
was measured in a four-wire configuration in which elec-
trical contact between the platinum leads and the surface
of the TiAu samples was made by applying pressure with
the tungsten carbide anvils. The pressure in the BAC was
based on a a four-wire electrical resistance measurement
of Tc of a Pb sample placed inside the pressure cell which
was compared with the established pressure dependence
of the superconducting transition (Tc(P )) for Pb in the
literature.13

The measurements of R in the designer diamond anvil
cell (DAC) were also performed using solid steatite as a
quasi-hydrostatic pressure-transmitting medium for pres-
sures ranging from P ∼ 2 to 27 GPa. The designer
DAC consisted of a 6-probe designer diamond anvil with
a 250-µm culet that was paired with a standard dia-
mond anvil with a slightly larger sized culet of 300 µm.
A thin shard of polycrystalline TiAu was positioned on
the culet of the 6-probe designer diamond in order to
make contact with the tungsten contact pads connected
to the electrical probes. The sample space between the
two culets, which contains the polycrystalline sample of
TiAu, the solid steatite pressure-transmitting medium,
and the ruby spheres used as manometers was sealed
within a 100-µm hole that was drilled into the center
of the indentation of a non-magnetic gasket made of
MP35N, an age-hardened Nickel-Cobalt base alloy.14 The
gasket was pre-indented to a thickness of ∼ 40-µm and
the hole was drilled into the gasket with an electric dis-
charge machine (EDM). The pressure in the DAC was
determined by tracking the shift in the R1 fluorescence
line of the ruby spheres as pressure was increased at room
temperature.15,16 At low pressure, the R1 line was mea-
sured for two different ruby chips on opposing parts of the

culet to rule out the presence of large gradients in pres-
sure across the sample space. During the four-wire mea-
surements of electrical resistance in each pressure cell,
excitation currents were consistently set to be at 1 mA
using an LR-700 Linear Research ac resistance bridge.

III. RESULTS AND DISCUSSION

Electrical resistivity measurements under pressure

The temperature dependence of the electrical resis-
tivity ρ(T ) for TiAu as measured in the piston cylinder
cell (PCC) at P = 0 and 1.8 GPa is shown in Fig. 1
(a). At lower temperatures (for T < 40 K), there is a
distinct feature or characteristic drop in the ρ(T ) data
at TN (as indicated by the vertical arrows), which is
typical of a phase transition from a spin-disordered PM
phase above TN to a spin-ordered AFM phase below TN .
Typical metallic behavior with a positive temperature
coefficient (dρ/dT > 0) and a nearly linear temperature
dependence is apparent in the ρ(T ) data for T > 40 K.
Based on µSR measurements, the spin disorder in the
PM phase is characterized by strong spin fluctuations
that rapidly decay at the onset of the AFM order.3 It is
worth mentioning that in the IAFM TiAu, there is no
gapping of the Fermi surface during the AFM transition.
The abrupt decrease observed in the ρ(T ) data with
decreasing temperature through TN most likely reflects
the disappearance of the short-range spin fluctuations
during the phase transition from the PM phase to the
AFM phase. This is in contrast to the anomalous jump
in ρ, for example, as observed in elemental Cr just below
TN ≃ 311 K at which point the formation of a gap over
the Fermi surface results in a reduction in the carrier
concentration and is associated with the emergence of
an incommensurate long-range AFM spin fluctuation.17

In order to illustrate the increase in TN with increasing
pressure, the ρ(T ) curves at various pressures up to P =
1.8 GPa have been shifted vertically for clarity as shown
in the inset of Fig. 1 (a). Notice that the AFM ordering
temperature increases monotonically with increasing
pressure up to P ∼ 1.8 GPa, as measured in the PCC
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FIG. 2. (Color online) Electrical resistivity ρ/ρ300K (a, c, e), and its temperature derivative dρ/dT (b, d, f), as a function of
temperature for three different polycrystalline samples of TiAu, as measured in a Bridgman anvil cell (BAC) at various values
of pressure. The arrows indicate the feature at the AFM ordering temperature with the values of TN extracted either from
the maximum in dρ/dT , or from the intersection of the linear extrapolations (solid black lines) of the dρ/dT vs T curves. The
values of TN at various P for TiAu samples 1, 2, and 3 measured in the two different Bridgman anvil cells are presented in
Table I.

such that TN = 32.7, 32.9, 33.0, 34.2, and 35.5 K at
P = 0, 0.42, 0.71, 1.25, and 1.77 GPa, respectively,
at a rate of dTN/dP = 1.64 K GPa−1. As shown in
Fig. 1 (b), there are clear maxima observed in the the
temperature derivative of the electrical resistivity dρ/dT
at low pressures up to P ∼ 2 GPa and the values of the
AFM ordering temperature TN , were easily resolved and
determined from locating the maximum in dρ/dT .
At ambient pressure, the shape of the peak in the

dρ/dT vs T curve (black data at P = 0 GPa in Fig. 1
(b)) is similar to the peak in the dρ/dT vs T previously
reported in Ref. 3. The maximum in the dρ/dT vs T
curve at ambient pressure is reminiscent of the small
peak at TN observed in the specific heat (Cp/T vs T )
also reported in Ref. 3. Based on the analysis from
previous studies of the specific heat curves for second
order transitions associated with (anti-)ferromagnetic
materials,18,19 it is clear from the Cp/T vs T curve in
Ref. 3 that a subtraction of the non-magnetic contribu-
tions to the specific heat, i.e., the lattice and electronic
contributions, would yield a magnetic contribution to
the specific heat Cm, with a peak similar to that ob-
served in the ambient pressure dρ/dT vs T curve. This
correspondence between the peak-like curve of dρ/dT
vs T and the peak-like behavior of the magnetic specific
heat (represented by the shaded gray region in Fig. 2 of
Ref. 3) is consistent with a second order phase transition
in a system in which short-range spin fluctuations are

the dominant contribution to the magnetic resistivity
ρmag, in an itinerant-electron system.20

It is important to note that at low pressures (P < 2
GPa), the width of the peak in dρ/dT is already showing
signs of broadening as pressure is increased. As discussed
below, this becomes problematic in determining the
exact value of TN at higher pressures above P ∼ 6 GPa.
Figure 2 displays the temperature dependence of the

electrical resistivity ρ/ρ300K, in the vicinity of TN for
three different polycrystalline samples of TiAu under
pressure, as measured in two different BACs. The elec-
trical resistance R(T ) for TiAu polycrystalline sample
1, was measured independently in a BAC up to P ∼

6 GPa and is displayed as ρ/ρ300K in Fig. 2 (a). The
characteristic drop in ρ that occurs at TN , as indicated
by the vertical arrows, becomes less pronounced with
increasing pressure. However, the values of TN were
easily determined from the location of the maxima
in the temperature derivative of electrical resistivity
(dρ/dT ) as shown in Fig. 2 (b). The AFM ordering
temperature is enhanced with increasing pressure from
TN = 33.1 K at P = 2.2 GPa up to a maximum of TN

= 35.2 K at P = 5.8 GPa at a rate of dTN/dP = 0.55
K GPa−1, after which there is a decline to TN = 33.1
K at P = 6.2 GPa. It should be mentioned that for the
ρ(T ) data at 2.2 GPa only, there are regions of missing
data below 27 K. In order to generate the continuous
temperature derivative of the electrical resistivity at
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FIG. 3. (Color online) (a) Electrical resistivity ρ/ρ300K vs
temperature T in the vicinity of the AFM ordering tempera-
ture TN at various pressures up to P ∼ 27 GPa as measured in
a diamond anvil cell (DAC). The arrows point to the features
at TN . (b) Temperature derivative of the electrical resistivity
dρ/dT vs T . The values of TN = 30.7 and 32.2 K at P =
2.2 and 5.0 GPa respectively were determined from the max-
imum in the dρ/dT vs T curves whereas the values of TN =
28.5, 25.9, 24.7, 22.1 K at P = 9.7, 15.0, 18.1, 26.7 GPa, re-
spectively, were determined from the intersection of the linear
extrapolations (solid black lines) of the dρ/dT vs T curves as
shown in panel (b).

2.2 GPa (dρ/dT vs T ) as shown in Fig. 2 (b), some
amount of interpolation and smoothing was required in
performing the differentiation of the raw data. However,
owing to the sufficient amount of data in the vicinity of
TN = 33.1 K, the effect of interpolation and smoothing
on the location of the maximum dρ/dT were well within
the error in determining TN .

A similar trend in the behavior of TN with increasing
applied pressure is observed in the electrical resistivity
ρ/ρ300K, for both polycrystalline TiAu samples 2 and 3
as displayed in Fig. 2 (a) and (e), respectively. (TiAu
samples 2 and 3 were measured simultaneously in a
second BAC that was distinct from the BAC used to
measure TiAu sample 1.) As observed in the case for
TiAu sample 1, the characteristic drop in ρ at TN

(marked by the vertical arrows) is difficult to resolve
in the ρ(T ) data at pressures above P = 5 GPa, as
displayed in Fig. 2 (c) and (e). When possible, the loca-
tion of the maximum in dρ/dT was used to determine
the value of TN as marked by the arrows in the dρ/dT
vs T plots (Fig. 2 (d) and (f)). Arrows indicating the
location of TN are also shown in the plots of ρ/ρ300K vs
T (Fig. 2 (c) and (e)). Clear maxima are observed in
dρ/dT up to P ∼ 5.5 and 7.5 GPa for samples 2 and 3,
respectively, as shown in Fig. 2 (d) and (f). However, at
higher values of pressure, it was necessary to determine
TN from a different procedure by which TN was defined
to be the intersection of the linear extrapolations of
the dρ/dT curves above and below TN as indicated
by the black lines in Fig. 2 (d) and (f). At P = 2.7
GPa, both TiAu samples 2 and 3 appear to undergo the
transition into the AFM phase at TN = 31.7 K. The
ordering temperature increases with further application
of pressure at a rate of dTN/dP = 0.30 K GPa−1 to a
maximum value of TN ∼ 32.5 K at P ∼ 5.5 GPa.
The values of the AFM ordering temperature TN , are

nearly identical for samples 2 and 3 up to P = 13.4
GPa. However, at lower pressures up to P ∼ 6 GPa the
values of TN are somewhat smaller than the values of
TN that were observed for TiAu sample 1 measured in
the BAC which reaches a maximum of TN = 35.2 K at
P = 5.8 GPa. Nevertheless, the pressure dependence of
TN for all three samples measured in the two BACs is
qualitatively consistent, in which TN initially increases
with pressure and passes through a maximum at P ∼

5.5. There is a large and monotonic suppression of the
AFM order with a further increase in applied pressure
such that TN is reduced to TN ∼ 26 K at P ∼ 16 GPa.
The suppression of AFM order can be seen in the shift of
the intersection of the linear extrapolations (or “knee”)
in the dρ/dT vs T curves as shown in Figs. 2 (d) and (f).
(We mention that the absence of ρ(T ) data at higher
pressures for sample 1 (P > 6.2 GPa) and sample 3 (P
> 13.4 GPa) was due to failure of the electrical leads in
the high pressure Bridgman anvil cell.)

Measurements of electrical resistance under pressure
R(P, T ), were extended to higher pressures up to P
∼ 27 GPa with the use of a designer diamond anvil
cell (DAC). The temperature dependence of the scaled
electrical resistivity ρ/ρ300K in the neighborhood of
TN at various pressures from P = 2.2 to 26.7 GPa are
displayed in Fig. 3. The characteristic drop in ρ at the
AFM transition at TN = 31.6 K is just detectable in
the ρ(T ) curves at P = 2.2 and 5.0 GPa; each of these
ρ(T ) curves exhibits a clear maximum observed in their
temperature derivatives (dρ/dT ) as shown in Fig. 3 (b).
The AFM ordering temperature for P > 5.0 GPa, as
measured in the DAC, was defined to be the temperature
at the intersection of the linear extrapolations (solid
black lines) of the dρ/dT curves above and below TN as
shown in panel (b) of Fig. 3. (This method is similar to
the determination of the values of TN at higher pressures
for TiAu samples 2 and 3.) The Néel temperature
increases from TN = 30.7 K at P ∼ 2.2 GPa to 32.2 K at
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FIG. 4. (Color online) Scaled electrical resistivity ρ/ρ300K vs Tn above and below the Néel temperature TN for TiAu under
pressure, P . Power law fits of the electrical resistivity, ρ = ρ0 + AnT

n to the ρ(T ) data were performed for T < TN in the
AFM phase (top 8 panels with black symbols and a red fit line) and for T > TN in the PM phase (bottom 8 panels with red
symbols and a black fit line). The upper x-axis in each plot is shown as a linear T scale and TN is indicated by the black
vertical arrows.

P ∼ 5.0 GPa. As pressure is increased further, the AFM
order is suppressed to TN = 22.1 K at P ∼ 27 GPa at a
rate of approximately dTN/dP = − 0.48 K GPa−1.
The temperature dependence of the electrical resis-

tivity ρ = ρ0 + AnT
n, in the neighborhood of TN , is

displayed in Fig. 4 as a series of power law fits to the
ρ(P, T ) data for TiAu under pressure. The top eight
panels in Fig. 4 are fits to the data in the AFM phase
(T < TN) at selected pressures from the various pressure
cells while the bottom eight panels are fits to the data
in the PM phase (T > TN). A nearly linear temperature
dependence describes the data above TN in the PM

phase up to 60 K for P < 5.4 GPa and a slightly larger
power law exponent of n = 1.4 to 1.7 describes the ρ(T )
data in the PM phase at higher pressures for P = 10
to 27 GPa. Below the Néel temperature in the AFM
phase (5 K < T < TN), the ρ(T ) behavior is described
by a much higher exponent of n = 2.8 for low pressures
up to P ∼ 2 GPa. As pressure is increased slightly,
the value of the power law exponent approaches n ∼

2 as the pressure approaches P ∼ 6 GPa. The n =
2 dependence remains as pressure is increased up to
P ∼ 25 GPa. It is interesting to note that the clear
crossover to a T 2 dependence in the AFM phase is



7

15

20

25

30

35

40

PM

 Piston Cylinder Cell
 Bridgman Anvil Cell (Sample 1)
 Bridgman Anvil Cell (Sample 2)
 Bridgman Anvil Cell (Sample 3)
 Diamond Anvil Cell

T 
(K

)

1

2

3n

TiAu

AFM

(a)

1.8

2.0

2.2

2.4

2.6

2.8

n

 BAC Sample 1
 BAC Sample 2
 BAC Sample 3
 DAC

T < TN
(b) PCC

0

10

20

30

40

(c) T < TN

A
n (

K-n
)

0 5 10 15 20 25

0.2

0.4

0.6

0.8

0

0 /
30

0 
K

P (GPa)

(d)

FIG. 5. (Color online) (a) Temperature vs pressure (TN vs
P ) phase diagram superimposed on a color contour represen-
tation of the exponent n(P, T ) from the electrical resistivity:
ρ = ρ0 + AnT

n (see text). The solid black curve is a guide to
the eye and denotes the TN (P ) phase boundary. (b, c, d) The
parameters n, An, and ρ0 vs pressure P were extracted from
power law fits of the electrical resistivity in the AFM phase
as shown in Fig. 4. The dashed vertical line at P = 5.5 GPa
is a guide to the crossover at the peak in TN (P ).

coincident with the peak in the TN(P ) phase boundary
at P ∼ 5.5 GPa. In the PM phase, the temperature
dependence is somewhat stagnant but perhaps showing
a slight increase from a linear temperature dependence
toward a T 1.5 dependence as pressure is increased and
TN is reduced. The onset of T 2 behavior during the

suppression of TN for P > 6 GPa suggests there may
be a crossover to a Fermi-liquid ground state in this
pressure range. However, these power law exponents are
also consistent with the behavior of local moment (and
also itinerant) AFM metals near TN as described by
self-consistent renormalization (SCR) theory, in which
spin fluctuations account for most of the scattering that
can lead to a AnT

n (n ∼ 2) term in the power law
behavior of the electrical resistivity.21

The effect of applied pressure on antiferromagnetic

order in TiAu

As mentioned in the Introduction, it has recently been
reported that chemical doping has the effect of suppress-
ing the AFM order in the TiAu metal toward a two-
dimensional AFM QCP.12 Magnetization, specific heat,
and electrical resistivity measurements at ambient pres-
sure provide evidence for a continuous suppression of the
AFM order in the Ti1−xScxAu system as a function of
x up to a critical concentration of xc = 0.13, at which
point the system appears to exhibit a continuous second
order quantum phase transition (QPT).12 The 2D AFM
QCP in the Ti1−xScxAu system is supported by the log-
arithmically divergent electronic specific heat coefficient
γ(T ) and the linear (n = 1) temperature dependence of
the electrical resistivity (ρ = ρ0 + AnT

n) in the vicinity
of the QCP.12

The pressure dependence of TN as determined from
the measurements of ρ(T ) for TiAu under pressure in
the various pressure cells is summarized in the TN vs
P phase diagram as shown in Fig. 5 (a). There is a
slight enhancement of AFM at low pressure. There is a
clear peak in TN(P ) boundary which is followed by a sup-
pression of AFM as pressure is increased up to 27 GPa.
(For comparison, the reader is referred to the TN vs x
phase diagram for the Ti1−xScxAu system as reported
in Ref. 12.) The values of TN , as determined from mea-
surements of ρ in the PCC, the two BACs and the DAC,
collectively indicate that the maximum in TN occurs at
P ∼ 5.5 GPa. For pressures above P ∼ 6 GPa, there is
a monotonic suppression of the antiferromagnetic order.
In particular, the Néel temperature is reduced to TN ∼

22 K at a pressure of P ∼ 27 GPa as measured in the
DAC.
The evolution of TN with P , in which there is an ini-

tial increase in TN with pressure up to a maximum of
∼ 35.5 K at P ∼ 5.5 GPa, is distinct from the mono-
tonic decrease in TN observed with increasing x.12 This
contrasting behavior between the evolution of TN with
P and x in Ti1−xScxAu is similar to what was observed
for the IFM Sc3In, in which the FM ordering tempera-
ture TC , is initially enhanced with increasing P but is
monotonically suppressed toward a QCP with increasing
x in (Sc1−xLux)3.1In.

22 In the Ti1−xScxAu system, band
structure calculations reveal that the 3d-electron bands
of the Ti4+ ions contribute the most to the sharp peak ob-



8

served in the DOS(ǫF ) that leads to the magnetic ground
state.12 As x increases, and more Sc3+ ions replace the
Ti4+ ions, the peak in the DOS(ǫ) shifts away from the
ǫF leading to a reduction in the magnetic ordering tem-
perature TN .12

On general grounds, the application of pressure should
also lead to a suppression of the magnetic ordering tem-
perature in an itinerant magnet in which the 3d-electron
bandwidth is broadened leading to a decrease in the
DOS at the Fermi level. There are relatively few exam-
ples in the literature in which the application of pres-
sure results in an enhancement of the magnetic ordering
temperature.7,11,24–26 In the case of the enhancement of
FM order observed in the Au1−xVx system, it was de-
termined that there is an increase in the exchange in-
teraction, J , as pressure is increased.26 In the present
study, there was no determination of the magnitude of
J as a function of pressure. However, calculations of the
band structure for TiAu under pressure indicate that the
magnetic moment decreases monotonically with increas-
ing pressure.27 This suggests that the initial increase in
TN with pressure up to P ∼ 6 GPa may result from an
increase in J that is dominant over the decrease in the
DOS(ǫF ).
The distinct behavior observed in the evolution of TN

with increasing P in TiAu when compared with increas-
ing x in the Ti1−xScxAu system may result from the
contrasting effects of pressure and doping on the unit cell
volume. There is an overall expansion of the unit cell vol-
ume of TiAu by 4 % upon substituting Ti with slightly
larger Sc ions between x = 0 and 0.25 in Ti1−xScxAu.
Most of the volume increase is due to the increase in the
intra-planar lattice parameter b, while the inter-planar
spacing (lattice paramater c) remains unaffected with
increasing Sc doping.12,27 However, it is reasonable to
assume that an application of pressure would result in
a reduction of the unit cell volume. In particular, un-
der the most hydrostatic environment as observed in the
PCC, the unit cell volume of TiAu is more likely to con-
tract isotropically leading to conditions that might fa-
vor an enhancement of TN , namely an increase in the
DOS at the Fermi level, or an enhanced exchange inter-
action J that could result from a contraction along the
intra-planar (b) or inter-planar (c) directions. Under a
less hydrostatic environment, or as pressure is increased
beyond a certain threshold value, the unit cell may con-
tract or deform anisotropically resulting in a monotonic
decrease of TN as suggested by calculations of the band
structure under pressure.27 In particular, a contraction
solely along the inter-planar c direction might result in
a change to the relative unit cell geometry similar to the
relative change observed upon Sc substitution in which
there was an increase in the intra-planar lattice param-
eter b but no change in the inter-planar spacing (lattice
paramater c).
The TN vs P phase diagram displayed in Fig. 5 (a)

is superimposed on a color contour representation of the
power law exponent n(P, T ) from the expression for the
electrical resistivity: ρ = ρ0 + AnT

n. The representation

of n was determined from the logarithmic derivative of
the electrical resistivity ∂ln(ρ − ρ0)/∂lnT , which yields
the local behavior of n(P, T ). Interestingly, the local be-
havior of n(P, T ) = ∂ln(ρ − ρ0)/∂lnT corroborates most
of the values of TN as were determined from measure-
ments of ρ (and the temperature derivatives, dρ/dT ) in
the various pressure cells over the pressure range P ∼ 0
to 27 GPa. This can be seen in the abrupt change in the
value of n in the vicinity of TN (i.e., at the TN(P ) phase
boundary). The local change in n(P, T ) is most evident
at lower pressures (P ≤ 6 GPa) in which the power law
exponent changes abruptly from n ∼ 1.5 (green-yellow)
in the PM phase to n ≥ 2.5 (yellow-red) in the AFM
phase.
The effect of pressure on the parameters n, An, and

ρ0 (in the expression ρ = ρ0 + AnT
n) below the Néel

temperature is summarized in Fig. 5 (b), (c), and (d),
respectively. At each pressure, the expression for ρ was
fit to the ρ(T ) data in the AFM phase over the tempera-
ture range 5 K < T < TN . (Examples of power law fits at
selected pressures are displayed in Fig. 4.) The values of
the power law exponent n in Fig. 5 (b) are consistent with
the local behavior of n(P, T ) represented by the color con-
tour in Fig. 5 (a). The representations of n in panels (a)
and (b) of Fig. 5 both show a clear crossover at P ∼ 6
GPa from a n ≥ 2.5 dependence during the enhancement
of TN to a n = 2 dependence during the suppression of
TN as pressure is increased above 6 GPa. Both the An

coefficient and the residual electrical resistivity ρ0 (at T
= 2 K) increase steadily with increasing pressure up to
P ∼ 15 GPa as shown in Fig. 5 (b) and (c), respectively.
While the residual electrical resistivity ρ0 represents the
contribution of impurity scattering to ρ, it is well recog-
nized that spin fluctuations also play a significant role in
the electrical resistivity of both ferromagnetic (FM) and
AFM metals.21,28 This is often reflected in the large value
of the coefficient A2 in the A2T

2 term.21,28 Here, we ob-
serve that the coefficient An appears to strengthen with
increasing pressure up to P ∼ 15 GPa. It is interesting
to note that An reaches a maximum as the temperature
dependence of the electrical resistivity stabilizes toward
T 2 behavior (where n reaches a minimum). However, it
should be mentioned that the parameter n is naturally
conflated with the parameter An, making it difficult to
speculate on their relative role in scattering processes.

The effect of sample quality and non-hydrostatic

pressure on the Néel temperature

The values of TN determined for TiAu sample 0
measured in the PCC and TiAu sample 1 measured
in the initial BAC are approximately 3 K higher than
the values of TN for TiAu samples 2 and 3 that were
measured in the second BAC and TiAu sample 4 mea-
sured in the DAC. The samples in the PCC and the first
BAC were from the same synthesis but different than
the synthesis that yielded the two samples in the second



9

1 2 3 4 5 6 7 8
31

32

33

34

35

36

37

38

0.5

1.0

1.5

2.0

0

 PCC
 BAC Sample 1
 BAC Sample 2
 BAC Sample 3
 DAC

dT
N
 / 

dP
 (K

 G
Pa

-1
)

P < 6 GPa

 PCC at 1.8 GPa
 BAC Sample 1 at 2.2 GPa
 BAC Sample 2 at 2.7 GPa
 BAC Sample 3 at 2.7 GPa
 DAC at 2.2 GPa

T N
 (K

)

RRR ( (300K)/ (2K))

FIG. 6. (Color online) A plot of the TN vs residual resistivity
ratio RRR = ρ(300 K)/ρ(2 K) for the five TiAu samples mea-
sured in each of the various pressure cells at a low pressure
of P ∼ 2 to 3 GPa Inset: Pressure coefficient dTN/dP during
the enhancement of TN as pressure is increased up to P ∼ 6
GPa for the five different TiAu samples.

BAC and the sample in the DAC. This may indicate
that the nominal value of TN at ambient pressure may
be sensitive to varying conditions during synthesis or
varying degrees of hydrostaticity in the different pressure
cells. Figure 6 shows a plot of the Néel temperature TN

vs the residual resistivity ratio (RRR) at a pressure P ∼

2 to 3 GPa for the five different TiAu samples measured
in this study. It is apparent that for RRR ≥ 3, there
is a significant increase in the Néel temperature from
TN ∼ 32 K to TN ∼ 35.5 K. For RRR ≤ 3, there is no
significant change in TN . In addition, the RRR values
for the samples from the initial TiAu synthesis (namely,
the PCC sample 0 and BAC sample 1) are 2 to 4 times
larger than the RRR values for the samples from the
second TiAu synthesis (namely, BAC samples 2 and 3
and the DAC sample 4).
Based on the TN (P ) dependence observed in the

various pressure cells, it appears that TN is also sensi-
tive to the degree to which the pressure environment
is hydrostatic. There is a large response of TN to
pressure as performed in the PCC when compared to
the response of TN at low pressure as performed in the
two BACs and DAC. As shown in the inset of Fig. 6,
the initial enhancement of TN with P as observed in
the PCC is dTN/dP = 1.64 K GPa−1, which is more
than three times the enhancement of TN with pressure
as observed for the three samples measured in the two
BACs and the sample measured in the DAC in which
the pressure coefficients were observed to be dTN/dP
= 0.56 K GPa−1, 0.38 K GPa−1, 0.22 K GPa−1, and
0.5 K GPa−1, respectively. It is possible that the more
hydrostatic conditions that are characteristic of the
pressure-transmitting medium used in the PCC, when
compared to the less hydrostatic environments typically

 Piston Cylinder Cell
 Bridgman Anvil Cell (Sample 1)
 Bridgman Anvil Cell (Sample 2)
 Bridgman Anvil Cell (Sample 3)
 Diamond Anvil Cell

TiAu

P (GPa)

T N
 (K

)

TN = 36(1 - P/Pc)
0.65 K

FIG. 7. (Color online) (a) A temperature vs pressure (TN vs

P ) phase diagram for TiAu showing the extrapolated TN (P )
boundary (dashed curve) toward a critical pressure Pc at T
= 0 K. The critical scaling function TN = TN(P=0)×(1 −

P/Pc)
α was fit to the TN (P) data up to P = 27 GPa. The

ambient pressure value of the Néel temperature (TN(P=0))
was set to 36 K while a rough estimate of the value for the
critical pressure was determined from the fit to be Pc = 45 ±

11 GPa. The value for the scaling exponent α was determined
from the fit to be α = 0.65 ± 0.20. The slope of the curve near
TN = 0 K (represented by the solid black line) is dTN/dP ∼

− 2.5 K GPa−1, while the slope of the nearly linear TN(P)
data accumulated from the various pressure cells up to P =
27 GPa is dTN/dP = − 0.59 K GPa−1.

achieved in the BAC and DAC, may result in the larger
pressure coefficient, dTN/dP , that we observed in the
PCC up to P ∼ 2 GPa. In previous investigations of the
weak IFM Sc3In, it was also found that the ferromag-
netism is enhanced under the application of pressure
under nearly hydrostatic conditions.7,11,29 However,
theoretical calculations show that the application of
uniaxial strain (or non-hydrostatic pressure) results in
a suppression of the magnetic order toward a possible
QCP.30,31

IV. SUMMARY

At temperatures below TN , conduction electrons in
local moment systems typically scatter from both long
and short-range spin fluctuations through the exchange
interaction.21 However, the long- and short-range fluctu-
ations contribute differently to the electrical resistivity
such that it is the short-range spin fluctuations that
make the largest contribution to the electrical resistivity
in a metal.20,21 This scenario also applies to weak
itinerant-electron systems such as TiAu, in which the
magnetic electrons are not localized.20 Indeed, muon
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spin relaxation measurements3 indicate that there is a
rapid decay in the short-range spin fluctuations over a
narrow temperature range during the transition from
the PM phase to the AFM phase. This is reflected in the
characteristic drop observed in the electrical resistivity
ρ(T ) at TN .
Recently, it was found that TN = 36 K for the novel

IAFM TiAu may be suppressed monotonically upon
chemical doping toward a 2D AFM QCP.3,12 This
served as the motivation for the present study in which
we investigated the response of the magnetic order to
applied pressure in the IAFM TiAu. As previously
mentioned, there is an inherent competition between
the strengthening of the exchange interaction (that
tends to increase TN) and the reduction (or broadening)
of the DOS at the Fermi level (that tends to reduce
TN) as pressure is increased. However, at sufficiently
high pressure, it is expected that the broadening of the
3d-electron bandwidth W is dominant over the increase
in the exchange interaction thus leading to a reduction
in the magnetic ordering temperature (either TC or
TN).7

In this investigation of the IAFM TiAu under pressure,
we found that there is an initial enhancement of TN with
pressure up to P ∼ 6 GPa after which TN is reduced
monotonically to TN ∼ 22 K at P ∼ 27 GPa. This is
in contrast to the monotonic suppression of TN with
increasing Sc concentration x in the Ti1−xScxAu system.
Unfortunately, the characteristic drop in the electrical
resistivity ρ is not well resolved at higher pressures,
preventing a complete report on the suppression of TN

toward a QCP as was observed in the chemical doping
study for Ti1−xScxAu. The change in the temperature
dependence of the electrical resistivity suggests there
may be a crossover to a possible Fermi-liquid ground
state in the AFM phase as TN passes through its
maximum value. We found that during the enhancement
of TN , the power law behavior of the electrical resistivity
follows an n = 3 dependence which switches to an n
= 2 dependence as TN is suppressed with a further
increase in pressure up to P ∼ 27 GPA. However, it
should be mentioned that on the basis of SCR theory
for itinerant AFM metals, spin fluctuations are the
dominant scattering mechanism responsible for both a n
= 2 temperature dependence and also a large coefficient
in the A2T

2 term.21 In the AFM phase below T = 30
K, there was no change observed in the magnetization
M(H) at ambient pressure in high fields up to H =
65 T.27 Further experiments involving simultaneous
application of both field and pressure are suggested in
order to better determine the nature of the magnetic
state (and possible scattering mechanisms at play) in
the various regions of the TN vs P phase diagram, both
before and after the peak at P ∼ 5.5 GPa.
Figure 7 shows a fit (dashed curve) of the scaling

function TN = TN(P=0)×(1 − P/Pc)
α, to the TN(P)

data obtained from the measurements of ρ in the
various pressure cells. The ambient pressure value of the
Néel temperature TN(P=0), was set to 36 K while the
estimated value for the critical pressure was determined
from the fit to be Pc = 45 ± 11 GPa and the value for
the scaling exponent α was determined from the fit to
be α = 0.65 ± 0.20. The slope of the curve near TN

= 0 K as indicated by the solid black line is dTN/dP
∼ − 2.5 K GPa−1 while the slope of the nearly linear
TN(P) data accumulated from the various pressure cells
up to P = 27 GPa is dTN/dP = − 0.59 K GPa−1.
There is a large error in the estimated values of both
Pc and α, which is most likely due to the lack of TN(P)
data at higher pressure. Nevertheless, these values for
the critical scaling parameters as well as the relative
slopes for the two linear regions described previously are
consistent with other systems that were forced toward
a QCP with the application of pressure.9 We note that
the projected value of the critical pressure, Pc = 45
GPa, is significantly smaller than the prediction of Pc

= 80 GPa based on band structure calculations.27 The
overestimation of Pc may result from the tendency of
band structure calculations to underestimate the role
of electronic correlations. Hence, in the vicinity of a
QCP, there is often an overestimation of the magnetic
moment (or tendency towards magnetism) leading to an
exaggerated value of Pc.

30
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