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Nuclear magnetic resonance (NMR) is one of the most powerful tools to explore new quantum states of condensed
matter induced by high magnetic fields at a microscopic level. High magnetic field enhances the intensity of the NMR
signal, and more importantly, can induce novel phenomena. In this article, examples are given on the field-induced charge
density wave (CDW) in high-7; superconductors and on the studies of quantum spin liquids. We provide a brief introduction
to the high magnetic field NMR platform, the station 4 of the Synergetic Extreme Condition User Facility (SECUF), being

built at Huairou, Beijing.
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1. Introduction

Nuclear magnetic resonance (NMR) is widely used to
characterize the properties of new materials in physics, chem-
istry, and biology. The most important requirements of the
NMR technique are magnets with high field strength By, high
homogeneity, and high stability. Large By is essential to boost
the NMR signal intensity, which is proportional to B(z). Cur-
rently, a field of 23.5 T is available for the NMR superconduct-
ing magnet made of Sb3Sn wire operating at 1.9 K,!'l which
is the limit of the obtainable field strengths of low temper-
ature superconductors (LTS). Recent breakthrough has been
made to use new high-temperature superconductors (HTS). A
hybrid LTS/HTS superconducting magnet with cold bore size
of 34 mm was implented at National High Magnetic Field
Laboratory (NHMFL), Tallahassee in 2017, which produces
a field of 32 T with homogeneity about 500 ppm/cm? for gen-
eral purpose.l?! A hybrid LTS/HTS magnet for NMR is being
built at Synergetic Extreme Condition User Facility (SECUF)
at Huairou, Beijing, thereby enabling new applications at the
forefront of modern multidisciplinary research.

Magnetic fields can suppress superconducting (SC) tran-
sition temperature T, and reveal novel states hidden below
T.. For example, NMR study on cuprate high-7. supercon-
ductors BiySry_ La,CuOg, s (Bi2201) shows that when the
superconductivity is completely suppressed, a metallic pseu-
dogap state appears as the ground state.[>*! When a high mag-
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netic field (HMF) is applied perpendicular to the CuO; plane
of YBa;Cu30O7_, (YBCO), charge density wave (CDW) is
found below the superconducting dome.!® Recently, *>Cu-
NMR measurement on single-layered BiySrp_La,CuQOg dis-
covered a long-range CDW induced by an in-plane field, set-
ting in even far above the superconducting dome.[®! Magnetic
field is also an important parameter in the studies of quantum

spin liquids.[7-#

2. Example 1: high magnetic field NMR on
cuprate high-7. superconductors

High-T; superconductivity is obtained by doping a Mott
insulator,®! and the spin interaction is believed to be impor-
tant for the superconductivity.['”) However, the electron pair-
ing mechanism is still elusive, largely because the normal-state
properties are not well understood.!'!"'?! For example, at low
carrier concentration region p (0 < p < 0.2), there appears a
pseudogap, where partial density of states (DOS) is suppressed
below a characteristic temperature 7* well above T;.!'3 Ap-
plication of a high magnetic field is useful to study the ground
state properties of the pseudogap and to diagnose the interplay
between various orders in the cuprates.

NMR measurements on Bi;Sr,_cLa,CuOg 5 carried out
under high magnetic fields revealed the complete phase dia-
gram. When superconductivity is suppressed completely, the
pseudogap ground state is revealed. As shown in Fig. 1, the
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pseudogap ground state is a metallic state with a finite DOS
which decreases with decreasing doping but remains quite
large even at the vicinity of the magnetically ordered phase.
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Fig. 1. (color online) Phase diagram of Bi>Sr>_,La,CuOg_ 5. The upper panel
shows characteristic temperatures vs 1 —x (o< hole concentration). The lower
panel shows the hole-concentration dependence of relative DOS at T = 0.

In YBCO, when superconductivity is suppressed, ®3Cu
NMR at H = 28.5 T revealed a long-range charge den-
sity modulation perpendicular to the CuO-chain in the sam-
ple with p = 0.108.1'*) Resonant elastic and inelastic x-
ray spectroscopy also indicated that a high field induces a
correlation along the CuO-chain direction and modifies the
coupling between the CuQO, bilayers, thus causing a three-
dimensional CDW.!'>:16] These observations are consistent
with early discovery of a Fermi-surface reconstruction by
quantum oscillations.!'”! As the long-range CDW onsets be-
low T.(H = 0) and only emerges when the field is applied per-
pendicular to the CuO, plane, a widespread speculation is that
it is due to incipient CDW in the vortex cores!!®! that becomes
overlapped as the field becomes stronger.[!%-2!! In fact, a field
as large as 28.5 T applied in the CuO,-plane of YBCO did not
bring about any long-range CDW.[!4]

Recently, a breakthrough for this issue was made by high
magnetic field NMR on Bi2201. A high magnetic field par-
allel to the Cu—O bond direction (H || a or b axis) in Bi2201,
which does not create vortex cores in the CuO; plane, induced
a CDW order above the superconducting dome,[®! in contrast
to that in YBCO where CDW appears below T, (H = 0).[1421]
As shown in Fig. 2, the Hcpw is slightly lower than that in
YBCO, suggesting that CDW has a similar energy scale across
different classes of cuprates. However, the relationship be-
tween Hcpw and Hc, is completely different from that seen

in YBCO where Hcpw is scaled with Hep. In Bi2201, Hepw
and Tcpw are more related with doping, rather than with Hc,.
The long-range CDW order is induced more easily closer to
the AF phase boundary. Figure 3 compares the phase diagram
of Bi2201 with that of YBCO. For Bi2201, the CDW order
becomes the successor of the AF order beyond p = 0.107 at

which superconductivity starts to emerge.
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Fig. 2. (color online) H-T phase diagram for underdoped Bi2201. The
T* is the pseudogap temperature.
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Fig. 3. (color online) Phase diagram of Bi2201 compared with that of
YBCO. Doping dependence of the short-range CDW reported by the
x-ray measurements!!!-?223] and the field-induced CDW (FICDW) for
Bi2201 (a) and YBCO (b). For both cases, T; is the zero-field value.
Error bars represent the uncertainty in defining Tepw.
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The phase diagram shown in Fig. 4 reveals several impor-
tant things. First and most remarkably, down-shifting the 7*
curve in temperature coincides with the Tcpw curve, which
may suggest that the pseudogap is a fluctuating form of the
long-range order. Second, the Tcpw takes over Ty when super-
conductivity emerges, but disappears well before the pseudo-
gap closes. This points to the important role of charge degree
of freedom in high-temperature superconductivity.

Bi,Sr,_La,Cu0s,;

Fig. 4. (color online) Magnetic-field evolution of the phase dia-
gram. Hole concentration (p) dependence of the pseudogap temper-
ature 7%, Ty, and T, and the p- and H-dependence of Tcpw for
Bi>Sry_La,CuOg, 5. Magnetic field is applied along the Cu-O bond
direction (H || a(b)).

3. Example 2: wusing high magnetic field to
characterize the topological properties of the
quantum spin liquids

A quantum spin liquid (QSL) is a system with magnetic
interaction among spins but has no long range magnetic order
down to zero temperature. It is characterized by the pattern of
long-range quantum entanglement that has no classical coun-
terpart. It was proposed as a mechanism for high-temperature

superconductivity [>4]

and as a material system for topological
quantum computation.>>! The pursuit of QSL has a long his-
tory. We introduce two examples in which the magnetic field
has played an important role in establishing the QSL states and
in characterizing the properties of the new states.

Zn doped barlowite Cu3Zn(OH)gFBr with a Kagome lat-
tice (Fig. 5(a)) was recently successfully synthesized.!”! It has
minimum disorder and small Dzyaloshinsky—Moriya interac-
tion, which are important to realize a QSL state. No mag-
netic order was found down to 50 mK. The spin suscepti-
bility measured by '°F NMR goes away completely at the
zero-temperature limit, which indicates a gapped QSL state.!
Moreover, the magnetic field dependence of the spin suscep-
tibility reveals a spin 1/2 excitation, as shown in Fig. 5(b).
This is an important insight showing that the spin excitation
of the QSL state in CuzZn(OH)gFBr is spinon. Namely, the
excitation is fractionalized, in close similarity to the charge
fractionalization of fractional quantum Hall systems.
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Fig. 5. (color online) (a) Top view of the Cu3Zn(OH)¢FBr crystal struc-
ture, where F (brown) is in the center between two hexagons of two
kagome Cu planes. (b) Magnetic field dependence of the spin gap. The
black short-dash line is fitted by A(B) = A(0) — gt SB with spin quan-
tum number S = 1/2, where g-factor obtained from bulk magnetic sus-
ceptibility is g = 2.4 and up is the Bohr magneton. For comparison,
A(B) for S =1 is shown by the blue dash line constrained by the value at
0.914 T, which hardly describes the data. Inset shows the Arrhenius plot
of 'K — Kehem with the vertical axis in logarithmic scale, which demon-
strates visually that the gap decreases with increasing magnetic field.
The solid curve is the fitting function Aexp(—A4/T) for 'K — K.per.”!
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Fig. 6. (color online) Magnetic phase diagram of o.-RuCl3 with field ap-
plied in the ab plane. Ty is determined from magnetization and specific-
heat data. T represents the upper limit of the gapless low-T regime. In-
set: schematic representation of zero-field zigzag order in the hexagonal
(ab) plane.[®!

The compound «-RuCl; has a honeycomb lattice and
bond-directional Ising-type interactions on the three distinct
links. Unfortunately, this system undergoes a phase transi-
tion to a magnetically ordered state at 7 = 8 K. However, re-
cent CI NMR measurements suggested that a magnetic field
about 8 T can suppress such long-range ordered state and in-
duces a gapless QSL state (Fig. 6).81 This work is another
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good example that the magnetic field can be used to obtain
new quantum states.

4. NMR station in SECUF

Although high magnetic field NMR can be performed at
several facilities in the world with magnet field up to 45 T us-
ing resistive or SC/resistive hybrid magnets, the running cost
is huge. For example, a huge power of about 30 MW is con-
sumed at 45 T, which limits the experimental time. The sam-
ple size is also limited due to insufficient homogeneity. China

is presently developing the high magnetic field technique and
has built a hybrid magnet at 40 T,!*®! which promotes fron-
tier researches on condensed matter physics, material science,
chemistry, and life science. Meanwhile, China is also building
hybrid superconducting high field magnets for special applica-
tions. A high magnetic field NMR platform as the station 4 of
SECUF and also a quantum oscillation measurement platform
as the station 2 of SECUF will be built at Huairou, Beijing.
The high-magnetic-field laboratories around the globe and the
parameters of some of their magnets are listed in Table 1.

Table 1. High-magnetic-field laboratories around the globe. SC stands for superconducting.

Laboratory Location Field/T Type Bore size/mm  Homogeneity/ppm-cm > Power/MW

Preparation for the station 4 of SECUF Beijing, China 25 all SC 50 10
National High Magnetic Field Laboratory Tallahassee, USA 45 SClresistive 32 300 30
36 SClresistive 40 1 14

32 all SC 34 500
Chinese High Magnetic Field Laboratory Hefei, China 40 SClresistive 32 130 28
Laboratoire National des Champs Magnetiques Intenses Grenoble, France 35 SClresistive 34 700 24
High Field Magnet Laboratory Nijmegen, Netherlands 37.9 SClresistive 32 1000 20

High Field Laboratory for Superconducting Materials Sendai, Japan 24.6 all SC 52 > 100

Fig. 7. (color online) Schematic view of the HMF NMR system with a
hybrid LTS/HTS magnet.

The high magnetic field NMR platform will integrate a
solid-state NMR spectrometer with a domestic-made 25 T su-
perconducting magnet which consists of a conventional low-
temperature and a novel high-temperature superconductor.
The high-temperature superconducting magnet, which has low
running cost and provides unlimited duration of the experi-
ments, will be built by Institute of Electric Engineering (IEE),
CAS. It will have a homogeneity of 10 ppm/cm? and a stability
of 10 ppm/h, which are satisfactory for solid-state NMR. The
cold bore with the size of 50 mm is capable for a cryostat with
large sample space to accommodate components such as pres-
sure cell, sample rotator, and so on. A dilution refrigerator will
be installed to probe microscopic properties of matter down to
20 mK. NMR spectrometers and probes with auto-tuning ca-
pability over a frequency range of 1 MHz to 400 MHz are
being built. Figure 7 shows the schematic view of the HMF

NMR subsystem platform. It will work as a research facil-
ity available both to internal researchers of SECUF as well
as to external users. The emphasis is put on the user-friendly
design in terms of both hardware and software. The low run-
ning cost and high stability of the all-superconducting mag-
net will provide a stable and reliable platform for high-field
NMR researches. Combining with high pressure and ultra-low
temperature environments, this platform is expected to bet-
ter serve the community to explore quantum phase transition,
mechanism for high temperature superconductivity, topologi-
cal quantum materials, and so on.
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