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The zero-temperature quantum phase transition (QPT) is driven by quantum °uctuations, in contrast to
the more familiar ¯nite temperature transitions driven by thermal ° uctuations. This paper demonstrates
our work on two kinds of QPTs in two di®erent materials, respectively. The ¯rst work focuses on the
pressure-driven antiferromagnetic QPT in pure chromium which is a model system for studying the
e®ects of quantum °uctuations on an itinerant antiferromagnet. Chromiumorders antiferromagnetically
near room temperature, but the ordering temperature can be driven to zero either by doping or applying
large pressures. The second work examines the pressure-driven metal-insulation (MI) transition in nickel
disul¯de NiS2. NiS2 is a Mott-Hubbard material in which the T=0 MI transition can be tuned w ith
pressure.

1 Introduction

A quantum phase transition is a phase transition between ground states.Unlike the thermal phase
transition which do not have entropy at zero temperature and therefore no phase transition can occur,
the QPT is a result of Heisenberg's uncertainty principle and thuscan happen at absolute zero temper-
ature. The continuous quantum phase transition describes a change in the ground state of a system due
to quantum °uctuations and introduces new critical exponents, newscaling laws, and new relationships
between the spin and charge degrees of freedom[1, 2, 3]. QPTs have been found in many materials,
including transition metal oxides and sul¯des, metal hydrides, superconducting cuprates, and heavy-
fermion compounds. Experimentally, QPTs can be accessed by varyinga some physical parameter in
the Hamiltonian of the system, such as magnetic ¯eld, pressure or chemical composition.

In the ¯rst part of this work, we selected Cr for studying antiferrom agnetic QPT because it is the
simplest metal close to a quantum critical point. Some previous work ofour group was done to drive
QPTs by modest substitution of vanadium in pure chromium[4]. Doping, however, can introduce dis-
orders and broken symmetries to the system, which may have nonnegligible e®ect on the observation
of QPTs. To avoid this, we will drive the phase transition by only changing pressure; we will study the
system by measuring the Hall coe±cient. My group has combined diamond anvil cell and synchrotron
x-ray di®raction techniques to measure directly the spin and charge order in the pure metal at the
approach to its quantum critical point, and the Hall coe±cient measurement will complement ongoing
measurements on the spin and charge order at the pressure-driven QPT[5, 6, 7].

In the second part of this work, we will study the pressure inducedMI transition in NiS 2. Our group
has already studied the dynamical signature of MI transition by measuring conductivity in Ni(S,Se)2
while driving the critical temperature to zero with pressure[8]. As with Cr, in this work we changed
the material to NiS2 in order to avoid disorders introduced by chemical substitution. We again use the
Hall coe±cient, which is directly associated with the carrier density as a probe of the transition, which
will complement another ongoing measurement on conductivity in pure NiS2.
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2 Instrument Development

We built a Hall E®ect measurement system compatible with an existing cryogenic pressure cell. For
this experiment, we mounted a pair of new pole pieces (See FIG.1) tothe old electro-magnet to attain a
higher ¯eld, which can produce a magnetic ¯eld around 1.3 Tesla when applied current is 100 ampere.

FIG. 1: Electromagnet with new pole pieces mounted.

We worked with the JFI electronics shop to adapt an existing electromagnet power supply (See FIG.2) to
a computer-controlled Hall con¯guration. For this purpose, a controller was attached to the power sup-
ply; a reversing box was also built so that both positive and negative magnetic ¯elds could be produced;
this is necessary for high accuracy measurements of the Hall coe±cientin materials with non-negligible
magnetoresistance. We also developed the control software needed for the measurements, so that the
computer can ramp the current applied to the magnet from -100 ampere to 100 ampere continuously
while recording the Hall voltage across the sample. A USB box was constructed to enable the commu-
nication between the software and hardware.

(a) Original power supply (b) Controller (c) Reversing box

FIG. 2: Power supply

The sketch of the whole circuit of the system is presented in FIG.3. We used a calibrated Hall sensor
(See FIG.4) to measure the actual magnetic ¯eld. To keep the system running properly, we designed and
constructed a ¯ltered water cooling system (see FIG.5). We also designed and machined a mechanical
mount (See FIG.6) between the magnet and the cryostat.
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FIG. 3: Block diagram of the circuit of the experiment.

FIG. 4: Hall sensor FIG. 5: Water cooling
system

FIG. 6: Mechanical frame

3 Hall Coe±cient Measurement

Our current system allows measurement of the Hall coe±cientRH as a function of pressure & tempera-
ture. Applying a magnetic ¯eld B to a sample with current density j gives rise to a voltageVH / B £ j .
This Hall voltage varies linearly with applied ¯eld. Within a single-b and Drude model, the Hall coef-
¯cient varies inversely with the charge carrier density as RH = 1=(nq) where q is the charge of each
carrier including a plus or minus sign. The current and voltage measurements can be made either by
an AC resistance bridge(See FIG.7) or two lock-in ampli¯ers(See FIG.8).

3.1 Measurement in Cr

Cr is the archetypical metallic antiferromagnet; when it orders magnetically as the temperature falls
below the N¶eel temperature, some of the conduction electrons are lost. The loss of carriers is most
dramatically seen in the Hall e®ect, which measures the density of free, metallic carriers.

In a previous experiment, our group has examined alloys of Cr1-x Vx and tracked the loss of carriers as a
function of vanadium doping x [4]. We found a jump in the Hall number at the quantum critical point
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FIG. 7: LR-700 AC resistance bridge FIG. 8: SR830 DSP lock-in ampli¯er

even though other measures, such as the N¶eel temperature and the internal magnetization, vanished
continuously. Our group subsequently measured electric transportof critically-doped Cr1-x Vx , x = 3.2%
while driving the quantum phase transition with applied pressure[9]. By tuning the QPT with pressure
rather than doping we were able to resolve the transition with two orders of magnitude greater precision
than is possible by varying dopant concentration, which is su±cient to resolve the critical evolution of
the Hall coe±cient across the QPT.

In this work, we plan to measureRH (P; T) in chromium, looking for signatures of the transition from
the antiferromagnetic to paramagnetic state in the quantum regime. We will measure RH at T=4K
with changing pressures, therefore we will need a ruby °ouresence system to attain the accurate values
of pressure under low temperature. The way the system works is that a laser is used to detect the
optical spectrum of a ruby inside the cell and get the measurement of pressure from the known relation
between the °uorescence spectrum and the pressure.

We expect to see that the transition temperature TN approaches to zero as pressure increases and to
determine the relation of carrier density versus pressure when T! 0. We will also compare our results
with analogous data on the vanadium-doping driven quantum phase transition, with the hope of iden-
tifying the e®ects of chemical substitution on metallic quantum criticality.

FIG.9 shows he magnetic response of pure Cr at room temperature and ambient pressure to verify that
the system is working correctly. To get publishable data, we will dothe measurement under T=4K and
a series of pressures.

FIG. 9: Overview of the Cr sample. The size of the sample is 460£ 470£ 60 ¹ m.

FIG.10 shows that the relation between Hall resistance and magnetic ¯eld is linear. The guaranteed
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FIG. 10: Hall resistance vs. Magnetic ¯eld

magnetoresistance of Cr is very small so it may be safely neglected. Wecalculated Hall coe±cient from
the slop obtained from linear ¯t, which gave us RH = 3.797e-10m3/C. This is consistent with the values
reported in the literaure[10, 11]. The positive sign of the Hall coe±cient indicates a p-type behavior,
implying that the carriers we measured here were holes.

3.2 Measurement in NiS 2

NiS2 is an antiferromagnetic insulator(AFI) at room temperature, but as the te mperature passes through
Tc an MI transition occurs, and it becomes into an antiferromagnetic metal(AFM) below Tc.

In previous work, our group reported that in Ni(S, Se)2, Tc could be tuned to zero with pressure,
and signi¯cant deviation were found near the quantum critical point from the usual T1=2 behavior of
the conductivity characteristic of electron-electron interactions in the presence of disorder. Near the
quantum critical point( Pc=1.51 kbar), ¾0 has aT0:22§ 0:02 dependence[8]. In current work, we use the
Hall coe±cient as a probe along with ongoing conductivity measurement, to see whether pure NiS2 has
similar behavior as Ni(S,Se)2 across the quantum critical point and to determine what any new scaling
laws look like.

Compared with chromium, Hall coe±cient measurements are more complicated in NiS2 because of its
irregular shape (See FIG.11) caused by the di±culty in preparation of the sample (because of its bad
thermal conductivity, the NiS 2 sample can't be cut by laser but only prepared manually). To solve the
problem, we used van der Pauw measurement[12].

As FIG.11 shows, for a sample with any irregular shape, we can't separately measure longitudinal re-
sistance and Hall resistance; however, as long as the sample satis¯es the following condition:
(a) The contacts are at the circumference of the sample.
(b) The contacts are su±ciently small.
(c) The sample is homogeneous in thickness.
(d) The surface of the sample is singly connected, i.e., the sample does not have isolated holes.

we can calculate pure Hall resistance from measurement through three channels: RAB;CD ; RBC;DA ; RBD;AC .
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FIG. 11: A sketch of the measured NiS 2 sample.

We used a van der Pauw box and a scanner to switch between the channels.

From the data of RAB;CD ; RBC;DA , we can get longitudinal resistance according to the following equa-
tion:

½=
¼d
ln 2

(RAB;CD + RBC;DA )
2

f (
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RBC;DA
)

where d is the thickness of the sample
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Then we determine the Hall resistance fromRBD;AC according to the expression given below[13],

RH =
d
H

(RBD;AC (H ) ¡
½(H )
½(0)

RBD;AC (0))

We ran the measurement three times, however, we didn't get reasonable results comparable to values
in the existing literature. We discovered at the end of the measurements that there was a crack in the
measured sample, causing the . equations above to break down and rendering our data unreliable.

4 Error Analysis

We used an LR-700 AC resistance bridge in Cr measurements since lockins don't give accurate results
when dealing with very low input impedances; the reading given byAC bridge was quite stable and the
standard deviation is small.

For NiS2 measurement, the main problem we had was the quality of the sample. Even in a Hall
con¯guration, its magnetoresistance overwhelms Hall resistance, so it's di±cult to get an accurate value
for the Hall coe±cient by eliminating the in°uence of magnetoresistance. The only way to solve this
problem is to improve the shape of the sample, approaching a pure square and hence minimizing the
magnetoresistance contribution to theRBD;AC channel.

5 Conclusion

We have constructed a system for measuring Hall coe±cient for small samples. As mentioned above,
the Hall coe±cient can be measured precisely in Cr. The key physical parameter is the critical expo-
nent characterizing the change in carrier density as the spin-density-wave gap closes at the quantum
critical point, which should then be compared to what was seen as a function of doping in the Cr 1-x Vx

family[9]. This will be a sensitive tool, in company with existing x-ray scattering and longitudinal
resistivity techniques made in our group.
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Similar work is needed for NiS2. We expect to get new temperature dependence when pressure passes
through the quantum critical point, and compare our result with the scal ing laws got in Ni(S,Se)2.
However, further sample development is necessary before we can continue with this measurement.
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