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Muestra SA, P = 17.0 GPa
Temperaturas 6 a 20 K

γ γ γ γ     = 0.00274 ± 0.00012   �   γγγγ -1 = 36 ± 2
αααα    = 0.048 ± 0.003
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Muestra SA, P = 20.0 GPa
Temperaturas 6 a 20 K

γ γ γ γ     = 0.00286 ± 0.00012   �   γγγγ -1 = 35 ± 2
αααα    = 0.049 ± 0.003
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/*   L I B R E R I A S    */ 
#include <windows.h> 
#include <iostream.h> 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <complex.h> 
 
/*   V A R I A B L E    G L O B A L   */ 
/*   V A R I A B L E    G L O B A L   */ 
double Var_Aj[3]; 
double Best_VA[3]; 
double Best_F; 
 
/*   R A N D O M    G E N E R A T O R  */ 
/*  linear congruential generator. Generator x[n+1] = a * x[n] mod m  */ 
#define RAND_INT(l,h) (((int)(random() * ((double)(h)-(l)+1))) + (l)) 
double random (void);             /* return the next random number x: 0 <= x < 1*/ 
void  rand_seed (unsigned int);           /* seed the generator  */ 
static unsigned int SEED = 93186752; 
double random ()   
{ 
/* The following parameters are recommended settings based on research.   */ 
   static unsigned int a = 1588635695, m = 4294967291U, q = 2, r = 1117695901; 
/* static unsigned int a = 16807, m = 2147483647, q = 127773, r = 2836;       */ 
SEED = a*(SEED % q) - r*(SEED / q); 
   return ((double)SEED / (double)m); 
 } 
void rand_seed (unsigned int init)   {if (init != 0) SEED = init;} 
 
/*   F U N C I O N E S    */ 
/*   Funcion Gamma  !!    */ 
complex <double> FGamma(complex <double> zz); 
 
/*   F U N C I O N E S    */ 
/*   Funcion a minimizar  !!!!   */ 
double Flibre(double V[1000],double G[1000],double T[1000],double Var_AjAux[3], long n); 
 
/*   F U N C I O N E S    */ 
/*  Evalua la Funcion a fitear! Func(V,T, Alfas)    */ 
double Funcion(double V,double T,double Var_AjAux[3]); 
 
/*   F U N C I O N E S    */ 
/*   Rutina de minimizacion !!   */ 
void FMCRoutine(long iter, double Temp, double rnge_VA[3], double V[1000], 
                  double G[1000],double T[1000], long n, long nVar, FILE *File4); 
 
/*   F U N C I O N E S    */ 
/*            Mapeo !!            */ 
void FMapeo(double rnge_VA[3], double V[1000], double G[1000],double T[1000], 
                                                  long n, long nMapeo,long nVar); 
 
 
/*  P R O G R A M A   P R I N C I P A L    */ 
/*  P R O G R A M A   P R I N C I P A L    */ 
int main() 
{ 
cout << "Hello World!" << endl; 
cout << "Press ENTER to continue..." << endl; 
FILE *File1, *File1e, *File2, *File4; 
char filename1[] = "D:/Usuarios/Miguel/Grenoble 2004/Desktop Folder/Word NT/Analisis G0 - MW/G0 K&F vs G&W/DataG0Al.txt"; 
char filename1e[]= "D:/Usuarios/Miguel/Grenoble 2004/Desktop Folder/Word NT/Analisis G0 - MW/G0 K&F vs G&W/DataG0Alextra.txt"; 
char filename2[] = "D:/Usuarios/Miguel/Grenoble 2004/Desktop Folder/Word NT/Analisis G0 - MW/G0 K&F vs G&W/DataG0fit.txt"; 
char filename4[] = "D:/Usuarios/Miguel/Grenoble 2004/Desktop Folder/Word NT/Analisis G0 - MW/G0 K&F vs G&W/Convergencia.txt"; 
long i, j, k, n, nVar, nMapeo, m, iter, iter_Total; 
double V[1000], G[1000], T[1000], VV[100], TT[100]; 
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double Var_AjAux[3], rnge_VA[3], Temp, Temp_Max, Temp_Min, eV_Aux, F1; 
char Buffer[100]; 
 
 printf("Hello World, this is CodeWarrior!\n"); 
 i=1; 
 
 /*   L E O     Puntos a Calcular    */ 
 /*       en archivo    */ 
 if((File1 = fopen(filename1,"r"))==NULL) 
        { 
  printf("Problems with input file1\n"); 
     } 
 if((fgets(Buffer, 90, File1))!=NULL)  /* Primero leo los titulos en Buffer */ 
     { 
  while((fscanf(File1, "%lf%lf%lf", &V[i], &G[i], &T[i]))!=EOF)/* Luego leo y armo vectores*/ 
      { 
   i++; 
      } 
     } 
 fclose(File1); 
 n=i; 
 
 /*   M U E S T R O     Puntos Leidos  */ 
 /*    en pantalla   */ 
 /*i=0; 
 while (++i<n) 
 { 
  printf("%f  %f  %f\n", V[i], G[i], T[i]); 
 } /**/ 
  
 /*   I N I C I A L I Z A C I O N   */ 
 /*        valores inicales y rangos para V1 y V2    */ 
 nVar = 2;           
      /* Cantidad de Variables a Fitear*/ 
 Var_Aj[1]  = 0.5;    /* Valor Variable de Ajuste 1 */ 
 Var_Aj[2]  = -4.5;          /* Valor Variable de Ajuste 2 */ 
 rnge_VA[1] = 0.5; 
 rnge_VA[2] = 7.0; 
 
 /*      Inicializacion Temperaturas            */ 
 Temp_Max = 0.0100;    /* Variacion Minima que se desea en Alfa*/ 
 Temp_Min = 0.00001;       /* temperatura de aceptacion inicial*/ 
 iter_Total = 10000;    /* Total de iteraciones */ 
 m = (long) (1+(log(Temp_Max/Temp_Min)/log(2.0))); /* cantidad de step  */ 
 iter = (long) (iter_Total/m);   /* iteraciones por step */ 
 Temp = Temp_Min * pow(2.0,m);  /* temperatura de aceptacion inicial */ 
 
 /*  inicializo el mejor valor de V1 y V2    */ 
 j=0; 
 while (j++<nVar) 
  { 
  Best_VA[j] = Var_Aj[j]; 
  } 
 Best_F = Flibre(V,G,T,Best_VA,n); 
 
 /*       mapeo de V1 y V2         */ 
    nMapeo = 55; 
    FMapeo(rnge_VA, V, G, T, n, nMapeo,nVar);   /* */ 
 rnge_VA[1] = 2.0*rnge_VA[1]/(double)nMapeo; /* Variacion inicial para Variable1 */ 
 rnge_VA[2] = 2.0*rnge_VA[2]/(double)nMapeo; /* Variacion inicial para Variable2 */ 
 j=0; 
 while (j++<nVar) 
  { 
  Var_Aj[j] = Best_VA[j]; 
  } 
 
 /*           O P T I M I Z A C I O N    */ 
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 /*           O P T I M I Z A C I O N    */ 
 if((File4 = fopen(filename4,"w"))==NULL) 
  { 
  printf("Problems with output file4\n"); 
  } 
 i = 0; 
 while (i++<m) 
  { 
  j=0; 
  while (j++<nVar) 
   { 
   rnge_VA[j] = rnge_VA[j]/2;  /* Variacion inicial para Variable1 */ 
   } 
  Temp=Temp/2.0;    /* temperatura de aceptacion en este step */ 
   
  FMCRoutine(iter,Temp,rnge_VA,V,G,T,n,nVar,File4); /* Optimizo las Variables  */ 
  F1 = Flibre(V,G,T,Var_Aj,n); 
  printf("%f %f %f\n", Var_Aj[1], Var_Aj[2], F1);  /* muestro en pantalla  */ 
        } 
 fclose(File4); 
 
 /*          R E S U L T A D O    */ 
 /*            en pantalla     */ 
printf("%e %e %e\n", Best_VA[1], Best_VA[2], Best_F); 
 
 /*        L E O     Puntos Extras    */ 
 /*   en archivo    */ 
 i=0; 
 if((File1e = fopen(filename1e,"r"))==NULL) 
  { 
  printf("Problems with input file1e\n"); 
  }   
 if((fgets(Buffer, 90, File1e))!=NULL)   /* Primero leo los titulos en Buffer */ 
  { 
  while((fscanf(File1e, "%lf%lf", &VV[i], &TT[i]))!=EOF) /* Luego leo, linea por linea, y armo vectores*/ 
   { 
   i++; 
   } 
  } 
 fclose(File1e); 
 m=i; 
 
 /*    R E S U L T A D O  (minimizacion)  */ 
 /*             en archivo    */ 
 if((File2 = fopen(filename2,"w"))==NULL) 
  { 
  printf("Problems with output file2\n"); 
  } 
 fprintf(File2,"V%e Gdata GFit T%e\n", Best_VA[1], Best_VA[2]);  /* Titulos  */ 
 
    i=0; 
    while (++i<n) 
  { 
  F1 = Funcion(V[i],T[i],Best_VA); 
  fprintf(File2,"%e %e %e %e\n", V[i], G[i], F1, T[i]);    /* Datos  */ 
  } 
    i=0; 
    while (++i<m) 
  { 
  F1 = Funcion(VV[i],TT[i],Best_VA); 
  fprintf(File2,"%e %e %e %e\n", VV[i], VV[i], F1, TT[i]);    /* Datos extra */ 
  } 
    fclose(File2); 
   
    getchar (); 
    return 0; 
} 
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/*     F I N   P R O G R A M A  P R I N C I P A L  */ 
/*     F I N   P R O G R A M A  P R I N C I P A L  */ 
 
/*   F U N C I O N E S    */ 
/*  Evalua la Funcion a fitear! Func(V,T,Var_Aj)    */ 
double Funcion(double V,double T,double Var_AjAux[3]) 
{ 
 double Func; 
 complex<double> F_Aux1,F_Aux2, F_Aux3; 
 
          /* Grabert & Weiss */ 
  /*F_Aux1 = pow(abs(FGamma(complex<double>((V+1)/2,0))),2); 
  F_Aux2 = abs(FGamma(complex<double>((V+1),0))); 
  F_Aux3 = pow(10.0,Var_AjAux[1]) * pow(pow(10.0,Var_AjAux[2]),V) * F_Aux1/F_Aux2;/* */ 
          /* Kane  &  Fisher */ 
  F_Aux1 = abs(FGamma(complex<double>((V+2)/2,0))); 
  F_Aux2 = abs(FGamma(complex<double>((V+3)/2,0))); 
  F_Aux3 = pow(10.0,Var_AjAux[1]) * pow(pow(10.0,Var_AjAux[2]),V) * F_Aux1/F_Aux2;/* */ 
 
  Func = abs(F_Aux3); 
   
 return Func; 
} 
 
/*   F U N C I O N E S    */ 
/*  Funcion a minimizar! Abs(Func(xi)-y(xi))   */ 
double Flibre(double V[1000],double G[1000],double T[1000],double Var_AjAux[3],long n) 
{ 
 double F1, Normalizacion; 
 long k; 
 k=0; 
 F1=0; 
    Normalizacion = 0;                                                         /* T es el error relativo por punto*/ 
 

while (++k<n) 
  { 
          Normalizacion = Normalizacion + G[k]; 
  F1 = F1 + pow( ( Funcion(V[k],T[k], Var_AjAux) - G[k] ),2); /* absoluto  */ 
  /*F1 = F1 + pow( ( Funcion(V[k],T[k], Var_AjAux) / G[k] - 1 ),2);  /* relativo   */ 
  } 
 
     /*Normalizacion = (double)n;                                                   /* relativo   */ 
 return (F1 / Normalizacion); 
} 
 
/*   F U N C I O N E S    */ 
/* Funcion Gamma  !! Lancczos Aprox, z > 0 !!! err < 2e-10  !!  */ 
complex <double> FGamma(complex <double> zz) 
{ 
 double q[7]; 
 complex <double> Gamma, GammaAux1, GammaAux2; 
 int i; 
 q[7] = 75122.6331530; 
 q[1] = 80916.6278952; 
 q[2] = 36308.2951477; 
 q[3] = 8687.24529705; 
 q[4] = 1168.92649479; 
 q[5] = 83.8676043424; 
 q[6] = 2.50662827511; 
  
 i=0; 
 GammaAux1 = q[7]; 
 GammaAux2 = zz; 
 while (++i<7) 
 { 
 GammaAux1 = GammaAux1 + q[i]*pow(zz,i); 
 GammaAux2 = GammaAux2 * (zz+(double)i); 
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 } 
 Gamma=(GammaAux1/GammaAux2)*pow(zz+5.5,zz+0.5)*exp(-(zz+5.5)); 
 return Gamma; 
} 
 
/*   F U N C I O N E S    */ 
/*   Rutina de minimizacion !!   */ 
void FMCRoutine(long iter, double Temp, double rnge_VA[3], double V[1000], 
                  double G[1000],double T[1000], long n, long nVar, FILE *File4) 
{ 
 double F1, F2, condition, Var_AjAux[3]; 
 long i,j,k; 
 F1=Flibre(V,G,T,Var_Aj,n); 
    j=0; 
 while (j++<nVar) 
  { 
  Var_AjAux[j]=Var_Aj[j]; 
  } 
 i=0; 
 while (++i<iter) 
  { 
  j=0; 
  while (j++<nVar)   /* minimizo una variable a la vez */ 
   { 
   Var_AjAux[j] = Var_Aj[j] + rnge_VA[j] * 2 * (-0.5+random());/* Pruebo nuevos valores de las variables*/ 
   } 
  F2=Flibre(V,G,T,Var_AjAux,n);  /* Calculo la minimizacion con la nueva variable */ 
  condition = (F2 - F1) / Temp; /* Comparo con la minimizacion de la variable sin modificar 'fabs(F1)*'*/ 
/* Acepto o rechazo el nuevo valor de la variable*/ 
  if (condition > 0)                                                       /* True1 = Minimiza peor            */ 
   { 
   if (condition < 10)    /* False2 = Minimiza mucho peor -> Rechazo(P<e^-10) */ 
    {   /* True2 =  Minimiza no tan peor*/ 
    if (exp(-condition) > random()) /* True3 -> Acepto (P=e^cond)   */ 
     { 
     j=0; 
     while (j++<nVar)      
         
      { 
      Var_Aj[j] = Var_AjAux[j]; 
      } 
     F1=F2; 
                    fprintf(File4,"%e %e %e\n", Var_Aj[1], Var_Aj[2], F1);       /* Datos */ 
     if (F1<Best_F) 
      { 
      k=0; 
      while (k++<nVar) 
       { 
       Best_VA[k] = Var_AjAux[k]; 
       } 
      Best_F = F1; 
      } 
     } 
     } 
    } 
  else  /* False1 = Minimiza mejor       -> Acepto (P=1)  */ 
    { 
   j=0; 
   while (j++<nVar)        
       
    { 
    Var_Aj[j] = Var_AjAux[j]; 
    } 
   F1=F2; 
            fprintf(File4,"%e %e %e\n", Var_Aj[1], Var_Aj[2], F1);              /* Datos*/ 
   if (F1<Best_F) 
    { 
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    k=0; /* j es el indice para las distintas variables de fiteo */ 
    while (k++<nVar) 
     { 
     Best_VA[k] = Var_AjAux[k]; 
     } 
    Best_F = F1; 
    } 
    } 
  } 
 return ; 
} 
 
/*   F U N C I O N E S    */ 
/*            Mapeo !!    */ 
void FMapeo(double rnge_VA[3], double V[1000], double G[1000],double T[1000], 
                                                  long n, long nMapeo,long nVar) 
{ 
FILE *File3; 
char filename3[] = "D:/Usuarios/Miguel/Grenoble 2004/Desktop Folder/Word NT/Analisis G0 - MW/G0 K&F vs G&W/Mapeo.txt"; 
long i, j, k; 
double Var_AjAux[3], F1; 
 
 if((File3 = fopen(filename3,"w"))==NULL) 
  { 
  printf("Problems with output file3\n"); 
  } 
 i=0; 
 while (i++<nMapeo) 
  { 
  j=0; 
  while (j++<nMapeo) 
   { 
   Var_AjAux[1]=((double)i/(double)nMapeo-0.5)*rnge_VA[1]+Var_Aj[1]; 
   Var_AjAux[2]=((double)j/(double)nMapeo-0.5)*rnge_VA[2]+Var_Aj[2]; 
   F1 = Flibre(V,G,T,Var_AjAux,n); 
   fprintf(File3,"%e %e %e\n", Var_AjAux[1], Var_AjAux[2], F1); /* Matriz1 Datos */ 
   if (F1<Best_F) 
    { 
    k=0; 
    while (k++<nVar) 
     { 
     Best_VA[k] = Var_AjAux[k]; 
     } 
    Best_F = F1; 
    printf("%f %f %f\n", Best_VA[1], Best_VA[2], Best_F); /* muestro en pantalla*/ 
    } 
   /*fprintf(File3,"%e ", F1); /* Matriz2 Datos   */ 
   } 
  /*fprintf(File3,"\n");   /* Matriz2 Cambio de linea */ 
  } 
 fclose(File3); 
 j=0; 
 while (j++<nVar) 
  { 
  Var_Aj[j] = Best_VA[j]; 
  } 
 return ; 
} 
�

�
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We measure electrical transport on networks of single wall nanotube ropes as a 

function of temperature T , voltage V and pressure up to 22GPa. We observe 

Luttinger liquid (LL) behavior, a conductance ∝Tα  and a dynamic conductance ∝V α .

With pressure conductance increases while α decreases, enabling us to test the 

theoretical prediction for LL on the α dependence of the T  and V  independent 

coefficient of the tunneling conductance, and to obtain the high frequency cut-off of 

LL modes. The possible transition to a fermi liquid at α → 0  is unattainable, as 

nanotubes collapse to an insulating state at high pressures. 

61.46.+w, 73.63.Fg, 62.50.+p, 75.30.Kz  

Theoretical calculations have predicted that the tunnelling rate into a LL should 

follow the lines of the more general quantum tunnelling of double well systems with 

ohmic dissipation
 1,2,3.

 They showed that the modes of the LL should play a role 

analogous to the Caldeira-Leggett 
4
oscillators phenomenologically used to model 

dissipation and that their high frequency cut-off ω  could be identified with the 

frequency of small oscillations in each well 
5,6

. In other terms, it should, first, bear the 



signature of the LL power law suppression of the energy ε density states, ρ ε( )∝εα

(with α  inversely proportional to the number N  of conducting channels) 
7,8

, and, 

second, be inversely proportional to the same power α  of the LL modes high 

frequency cut-off 
6
. The first assertion was verified in measurements on SWNT that 

yielded, in the high bias V  limit, a dynamical conductance dI dV ∝V α , and in the 

low bias limit, a temperature T dependence of the conductance G = G0T
α  9,10 

( with 

G0  a constant independent of T and V). However, the latter condition, namely 

G0 ∝ω−α 2,3,5,6
, has not been verified, because all the experiments performed on 

metal-isolated SWNT rope - metal devices have yielded exponents corresponding to 

only one Dirac cone
9,10

, α ≈ 0.3. Due to the weak coupling among the tubes in the 

rope the tunnelling into only one SWNT dominates the measured conductance of the 

devices. We show here that pressure increases this coupling increasing the number of 

LL modes, i.e. we are able to modulate the number of Caldeira-Leggett oscillators and 

test the second assertion. 

 The samples used in this study were prepared using the electric arc discharge 

technique 
11

. The three presented samples (0.07x0.05x0.007cc) were either measured 

as received  (sample B) or previously transformed into a film by compressing with a 

watch glass (A and C). The electrical resistance measurements were performed in a 

sintered diamond Bridgman anvil apparatus using a pyrophillite gasket and two 

steatite disks as the pressure medium
12

. The Cu-Be device that locked the anvils does 

not allow measurements releasing the pressure and could be cycled between 4.2K and 

300K in a sealed dewar.  

 In Fig.1 we show the temperature dependence of the conductance at different 

pressures for sample A. We note that in this log-log plot there is always a clear linear 

regime at low temperatures that, at high pressures, extends for all the temperature 



range. Previous reports had described a variable range hopping (VRH) behavior either 

of a 3-D 
13

  or a 2D 
14,15

 character that do not fit our data. In previous hydrostatic 

measurements, the sample is submerged in a liquid that can hinder good rope-rope 

contact, while we ensure contacts by sandwiching ropes and leads at high stresses 

between two soft steatite disks, allowing optimal lead-sample and rope-rope intra-

sample contacts. The size of our samples also matters, as thinner samples 

(0.05x0.01x0.001cc) gave invariably 2D VRH, i.e. maximizing the size of the 

samples statistically ensures a percolation path through a LL network. 

 On Fig. 2 we plot the dynamical conductance measurements for sample A at 

10GPa. In the inset we show the dI dV curves as a function of bias voltage at 

different temperatures. At high biases, we see that all curves coincide onto a V α

dependence. The LL theory imposes that the differential conductance must follow the 

universal scaling curve 
2,3,5,6,9

G ≡ dI dV ,

G V ,T( )= A
2πkB
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where Γ x( ) is the gamma function, kB the Boltzmann constant, e  the electron charge , 

A  is a constant that, including the sample geometrical factor, andγ  is related to the 

inverse of the number of junctions in the sample, more precisely, the inverse of the 

summation of the junctions weighted by their resistances. Our data collapse 

completely onto the universal law. From the fit of (1) on normalized dI dV we extract 

an α = 0.055 ± 0.001 to be compared with α = 0.059 ± 0.005fromG ∝Tα . The same 

type of accord is obtained for all pressures and samples. The fit to eq. (1) gives us 

additional information, in terms of the γ  parameter. As we are measuring a SWNT 

mat, we do not expect to be probing a single rope, but rather an interconnected 



network of similar ropes. We obtain a γ = 0.0267 ± 0.005 for the shown 10GPa data, 

that implies that we are measuring at least 38 rope-rope junctions. This value 

oscillates between 37 and 40 for the different pressures, i.e. is constant with pressure 

within the experimental error. 

 The picture that we obtain from our numerical analysis is easily transposable 

to the typical scanning photograph of our samples (Fig. 1 of ref. 11): we have a large 

number of percolation paths in parallel between the electrodes, each one with a 

minimum of ≈ 40 LL-LL junctions among the ropes in series. We could expect a 

conductivity as α
T  for each junction, but not necessary all of them with the same α .

Calculations
16

 show that if we assume a distribution of α  near a most probable value 

α0( ) we should observe a behavior of the conductivity as α
T . The value of 

α differs from α0  less than 1% for square distributions of α  as large as 30% of α0

(using typically values forα0). Thus, our measurements yield an average α  and in the 

following α ≡ α .

 We plot the value of α−1 as a function of pressure on Fig. 3 for samples A,B 

and C and observe that it is linear. Its definition 
17

, αbulk = 1 g + g − 2( ) 8N , suggests 

that the number of channels participating to the conduction increases linearly with 

pressure, if we assume that the variation of the g  parameter in our pressure range is 

negligible. Theory predicts though α ∝ N at large N due to inter-tube 

interactions
17,18

, so that the linear behaviour that we observe cannot be easily 

interpreted. Remarkably, the extrapolation to zero pressure is identical for the three 

samples. It yields a value of α P = 0( )≅ 0.6 , that corresponds to twice the value of 

αbulk , as has been measured for two bulk contacting SWNT nanotubes
19

, implying that 



the succession of rope-rope junctions that we are measuring in all our samples are of 

the bulk-bulk type.  

 The increase in the average number of channels with pressure can be due to an 

augmentation with pressure of the number of hole occupied bands, i.e. a variation of 

the doping n , holes per carbon atom, originated by impurities such as, e.g. oxygen
20

.

We tentatively calculate
16

 the emptying of the different bands of the typical nanotubes

21
 of our sample (all tubes of diameters betwen 1.2 and 1.8nm were considered) with a 

constant dn /dP  and a g = 0.28, from the value of αbulk 0( ). We see on Fig. 3 such a fit 

(dashed line) for sample C, with dn dP ≅ 0.00075 ± 0.00005holesGPa−1C−1 . Though 

the fit is excellent for only one parameter, the change in the Fermi energy of 

~ 1.15eV at 20GPa seems exceedingly large for our pressure range (if we consider 

samples A or B this change would be even greater). Thus, the most probable reason 

for the decrease of α  is an increase of inter-tube coupling, where the volume, 

including the nanotubes that furnish channels to conduction, increases with pressure, 

and the different numerical slopes are probably due to different rope diameter. 

 Although we obtain a similar linear variation of α−1with pressure for all the 

samples and an identical ordinate to the origin, the numerical value of its slope is 

sample dependent. Different samples seem to contain different variety of ropes, and 

those of sample A appear to have a larger number of channels, besides being the only 

that presents an anomaly at 13.2GPa.  This anomaly consists in a decrease of the 

conductance with increasing pressure (inset of Fig. 3) accompanied by the 

concomitant decrease of α  shown in Fig. 3, that seem to signal a transition to a more 

insulating state at higher pressures. The fact that conductance drops, can be explained 

by a collapse of some of the conducting nanotubes, as totally squashed nanotubes are 

all non-metallic 
22

 . In fact, structural phases transitions have been detected either by 



Raman or crystallographic measurements under pressure on SWNT ropes. Most 

reports coincide in that there is a first critical pressure region around 2GPa involving 

a reversible polygonalization of the walls of the nanotubes due to the increase of the 

pressure induced inter-tube interaction within a rope
23 24 25

. Some measurements 

performed above 10GPa have described another structural transitions
26

, possibly 

implying deformations to elliptical or flattened cross-sections
27

. We observe a high 

pressure transition to an insulating state in only one sample, that with smaller α , that 

possibly means a larger number of conducting channels, i.e. thicker ropes or larger 

nanotubes in this sample. We conclude that structural transitions under pressure can 

be very sample dependant, explaining the differences between different reports. In our 

particular case, thicker bundles or bundles with larger nanotubes seem to be more 

prone to collapse as expected
28

. The collapse is time dependent. In the inset of Fig. 4 

we observe a logarithmic in time behavior for α−1, typical of relaxation in disordered 

systems, e.g. spin glasses
29

, implying a distribution of relaxation (collapsing) times 

for the nanotubes. The limit α → 0 should correspond to a fermi liquid (FL). Though 

the decrease of α  with pressure could allow us to observe the passage form the LL to 

a FL, the flattening transition of the SWNT leads to a semiconducting state. In any 

way, the conservation of LL properties up to about a score of channels would imply 

incoherent hopping between nanotubes
30

, probably precluding such a transition. 

 From the conductance versus temperature data, G V = 0,T( )= G0 P( )Tα P( ) , we 

can extract G0 P( ), which common sense would expect to increase with the number of 

accessible channels. The relation with the α  parameter has been calculated and is, 

according to eq. (1)  

G0 α( )
A

= 2πkB

ω( )α 1
Γ 1+α( )Γ 1+α

2( )2

    (2) 



By fitting this expression to our data we find that A  is sample dependent but that ω  is 

the same for all the samples. On Fig. 4 we see how all the samples (even the time 

evolution of the highest pressure of  sample A) fall on the same curve, which we have 

chosen to plot as a function of α−1, with an unique ω = 2.6 ± 0.8eV that, according to 

Kane and Fisher 
6
, is the high frequency cutoff ω ≈ EF  of the LL modes. Though 

this energy may be slightly pressure and sample dependant, the experimental error 

includes this variation and the obtained value agrees with the expectations. 

 In summary, by tuning on the appropriate inter-rope contacts, application of 

pressure on macroscopic samples of SWNT ropes allows the observation of the LL 

properties of carbon nanotubes, previously detected only in nanoscopic devices 

fabricated from isolated bundles. Furthermore, pressure increases the number of 

conducting channels, seemingly by increasing the number of nanotubes that 

participate in transport in each rope, producing an α−1 exponent variation that is linear 

in pressure. The experiment shows an alternative way to study LL in SWNT ropes 

without any aggressive solvating treatment that may alter the intra-rope inter-

nanotube labile interactions. 

 We are grateful to Saïd Tahir and Patrick Bernier for providing us with the 

samples and to F.W.J. Hekking, and O. Buisson for a critical reading of the 

manuscript. M.M. is a CONICET from Argentina doctoral fellow. 



Figure 1. Temperature dependence of the conductance of sample A for different 

pressures. We observe a linear behaviour (dashed line) at low temperatures that 

extends to all temperature at high pressures. 



Figure 2. scaling of the dynamical conductivity of sample A at a pressure of 

10GPa. We observe that the curves for all temperatures collapse to the same 

curve, that has a V α dependence at high bias. Inset :same but as measured 

dynamical conductance curves at different temperatures. 



Figure3. Pressure dependence of the α−1 parameter. We use two scales : left for 

the higherα−1values sample A and right for the other, that coincide at the 

convergence coordinate of their dependences. We observe a linear variation for 

all samples that converges to the previously measured value of αbulk−bulk

−1 at zero 

pressure. The dashed fit on sample C corresponds to the one obtained with a 

constant dn dP  under pressure (see text). Sample A shows a phase transition 

towards a less conducting state at 13GPa. Inset : variation of the conductance at 

1K of sample A showing the phase transition at 13 GPa. 



Figure 4. Relation between the value of the coefficient of the conductance 

temperature power law with the α−1parameter. We observe that all samples fit to 

the same dependence after normalization with a geometrical factor. The 

universal fitting factor ω = 2.6 ± 0.8eV corresponds to the fermi energy of the 

individual nanotubes. Inset : Time evolution of the α−1parameter of sample A at 

22.1GPa (final pressure). We observe a logarithmic time dependence typical of 

relaxation in disordered systems. 
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High pressure effects in fluorinated HgBa2Ca2Cu3O8+δ
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We have measured the pressure sensitivity of Tc in fluorinated HgBa2Ca2Cu3O8+δ (Hg-1223)
ceramic samples with different F contents, applying pressures up to 30 GPa. We obtained that Tc

increases with increasing pressure, reaching different maximum values, depending on the F doping
level, and decreases for a further increase of pressure. A new high Tc record (166 K ± 1 K) was
achieved by applying pressure (23 GPa) in a fluorinated Hg-1223 sample near the optimum doping
level. Our results show that all our samples are at the optimal doping, and that fluorine incorporation
decreases the crystallographic a-parameter concomitantly increasing the maximum attainable Tc.
This effect reveals that the compression of the a axes is one of the keys that controls the Tc of high
temperature superconductors.

PACS numbers: 74.62.Fj, 74.72.Jt

Since the discovery of high Tc superconductors (HTSC)
many efforts have been devoted to understand the sen-
sitivity of Tc to the structural parameters1,2,3,4. This
knowledge can facilitate the determination of the mecha-
nism beneath superconductivity and can provide a way to
increase the Tc of these materials. There is now a consen-
sus, considering the correlation between the appearance
of the superconducting state with the structural char-
acteristics of the material, that the highest Tc’s can be
reached if n=3 flat CuO2 planes and small Cu-O in-plane
distances (dCu-O=a/2 for flat planes) can be achieved3.
To reach the maximum Tc, the doping level of the CuO2

planes is also an important factor to consider. It was
already established5 that:

Tc(n) = T M
c

[

1 − β(n − nop)
2
]

, (1)

where β ∼ 83, n and nop = 0.16 are the doping level
and the optimum doping level of the CuO2 planes, re-
spectively, and T M

c the maximum attainable Tc for a
variation of the doping level. High pressure experiments
contributed with significant results in this quest. They
have shown, particularly for the Hg-based cuprate su-
perconductors6,7,8,9,10, that Tc increases with increas-
ing pressure, following a quadratic law which depends
on the doping level of the sample (n), on the pressure-
induced charge transfer (dn/dP ) and on an intrinsic fac-
tor (dT M

c /dP ). In this phenomenological model, pressure
increases linearly the doping level of the CuO2 planes but
also increases T M

c . It can be shown that3:

Tc(n, P ) = Tc(n, 0) + aP + bP 2, (2)

where

a = (
dT M

c

dP
) + 2(nop − n)βT M

c (
dn

dP
),

and

b = −βT M
c (

dn

dP
)2.

The question is: what besides doping controls the value
of Tc? The origin of this intrinsic factor is still un-
clear11,12. In some theoretical studies it is argued that
T M

c is regulated by the interlayer13 or the intralayer14

coupling, showing in both cases that materials with a
larger distance between CuO2 planes (i.e. a larger c pa-
rameter) are generally those with higher values of T M

c .
On the other hand, Marsiglio et al.15 showed that rele-
vant changes on Tc are obtained only when the in-plane
Cu-O distances are changed. There are also experimental
results3,10,16,17 that confirm either point of view, indicat-
ing that the structural relevant parameter is, in one hand,
the c or, on the other, the a lattice parameter.

The incorporation of fluorine into the structure of the
Hg-1223 superconductor18 and the study of the pressure
sensitivity of its Tc gave us an opportunity to contribute
experimentally to this search. Fluorine partially replaces
the oxygen located in the (HgOδ layer), producing a re-
duction of the in-plane Cu-O distance, while the small
CuO2 plane buckling is maintained. As a consequence,
the onset of the superconducting transition determined
by ac susceptibility (T χac

c ) increases from 134 K to 138 K
for optimally oxygenated and optimally fluorinated com-
pounds, respectively.

In this paper we have studied the pressure dependence
of the Tc of the fluorinated Hg-1223 compounds, with
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different fluorine contents. Our results point out the re-
duction of the a-parameter as the key factor that controls
the value of T M

c .
All the fluorinated ceramic Hg-1223 samples (Hg-

1223F) studied here were synthesized and characterized
previously18. Resistivity as a function of temperature (4
K ≤ T ≤ 300 K) for pressures from 4 GPa to approxi-
mately 30 GPa was measured for samples with different

fluorine contents labelled #1 (a=3.8496 Å, T
(χac)
c ' 138

K) and #2 (a=3.8536 Å, T
(χac)
c ' 135 K). The high pres-

sure was applied using a quasi-hydrostatic experimental
setup, corresponding to a Bridgman configuration with
sintered diamond anvils, where pyrophillite is used as a
gasket and steatite as the pressure medium that favors
quasi-hydrostatic conditions. The superconducting tran-
sition of Lead is used to determine the pressure inside
the cell. The pressure gradient was estimated from the
width of this transition and corresponds to a 5-10% of the
applied pressure, for pressures lower than 10 GPa, with
a saturation’s value of 1 GPa for higher pressures and up
to 30 GPa. A conventional 4 terminal DC technique was
used to measure resistivity under high pressure at differ-
ent temperatures. Electrical contacts were made using
thin Pt wires pressed to the sample’s surface by the pres-
sure setup. A well calibrated Cernox thermometer ther-
mally anchored to the anvils ensures a determination of
sample’s temperature with an uncertainty lower than 0.2
K for the whole Tc range studied.

The effect of pressure on the resistance of sample #1
can be observed in Fig. 1. A similar behavior was ob-
tained for samples with other F content. Zero resis-
tance is achieved at low temperatures, in the range of
10-60 K depending on the quality of the intergrain cou-
pling of these ceramic samples. By using the temperature
derivative of the resistance we can define the onset criti-
cal temperature (Tco), where the derivative departs from
its normal behavior, and a peak transition temperature
(Tcp) determined by the peak of the derivative, as can be
observed in Fig. 2. The former criterion is usually dom-
inated by thermal fluctuations and corresponds to the
formation of small superconducting droplets. This crite-
rion was also used in Ref. 7. The latter is mostly related
to the appearance of a bulk superconductivity and gives

a numeric value similar to T
(χac)
c . For the whole pres-

sure range studied, the sample #1 shows a Tco higher
than the one reported for the non-Fluorinated Hg-1223
samples. In particular, at 23 GPa a Tco of (166 ± 1) K
is obtained, which to our knowledge, is the highest ever
reported.

As it is shown in Fig. 3, Tco follows a parabolic depen-
dence with pressure which can be well described with Eq.
(2).

All the Hg-1223F samples studied here under high
pressure have a Tc near the flat maximum observed in
the dependence of Tc vs. the a-parameter (see Fig. 3 of
reference 18). Thus, in principle, these samples are near
or at the optimum doping level. If we assume that sample
#1 is optimally doped (T #1

c = T M
c = 138 K; n#1 = nop
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FIG. 1: Normalized resistance of sample #1 as a function of
temperature for different applied pressures.
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FIG. 2: Temperature derivative of the resistance of sample
#1 at different pressures.Tcp and Tco illustrate how the peak
and the onset transition temperature are defined for P = 4.2
GPa, respectively.

= 0.16) then, following Eq. (1), sample #2 (T #2
c < T M

c )
should have a different doping level (| n#2 −n#1 |>∼ 0.02
holes/CuO2). Contrary to this, the fits of the Tc(P ) de-
pendence using Eq. (2) indicate that both fluorinated
samples have nearly the same linear coefficient (∼ 1.7
± 0.1 K/GPa). If the pressure-induced charge transfer
of these samples is similar to the one reported for the
Hg-1223 system, this fact is indicating, according to Eq.
(2), that both samples have an optimum doping level
(n = nop± 0.005 holes/CuO2). Indeed, the best fits for
the Tc(P ) curves of samples #1 and #2 give a pressure-
induced charge transfer coefficient very similar for both
samples [(dn/dP )#1 =(1.7 ± 0.1) 10−3 holes/GPa and
(dn/dP )#2 =(1.6 ± 0.1) 10−3 holes/GPa] that, as we
supposed, is near the value obtained for the optimally
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FIG. 3: Pressure dependence of Tco for samples #1 and #2.
For comparison, the data of reference 7 is also included. Lines
are fits using Eq. (2).

oxygenated Hg-122319. The same dT M
c /dP (= 1.7 ±

0.1 K/GPa) is also obtained, but a different T M
c value

for both samples. According to these results, F incor-
poration for these samples is modifying essentially their
T M

c while keeping the doping of the CuO2 planes in the
optimum doping. In other words, F is varying one of
the structural parameters that controls intrinsically the
value of Tc. F reduces the structural-disorder as the anion
occupancy is higher in the fluorinated than in the oxy-
genated samples, while the doping level is kept low, prob-
ably as a consequence of the charge difference between F
and O. As the main structural contribution of fluorine in-
corporation is the reduction of the a-parameter, we may
conclude that the decrease of the a-parameter is one of
the fundamental keys to the increase of T M

c .
The high values of Tc obtained under pressure on the

Hg-1223F samples are probably the consequence of hav-
ing a high intrinsic term (dT M

c /dP ) and a small pressure-
induced charge transfer which prevents a rapid over-
doping of the CuO2 planes, even for samples optimally
doped. The intrinsic term can be associated with a pos-
itive contribution which comes from the reduction of the
a-parameter.

The dependence of T M
c for the Hg-12(n-1)n series to

chemical variations of the a-parameter can be observed
in Fig. 4, where fluorine incorporation has gradually ex-
tended this curve18 to lower values of a. It should be
noted, indeed, that the Tc(a) dependence for the Hg-
1223F samples, near or in the optimum doping, seems to
follow the linear dependence of the T M

c (a) curve for the
whole Hg series.

This means that samples #1 and #2 have practically
the same doping level, but a different a-parameter. We

90
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T
cM

 (
K

)

a (A)
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FIG. 4: Structural sensitivity of the maximum critical tem-
perature T

M
c on the chemical variation of the a crystallo-

graphic parameter, determined by X-Ray diffraction refine-
ments. Intermediate points for other Hg-1223F samples than
sample #1 and sample #2 are also included. The dashed line
is a guide to the eye.

may track their differences to the way in which the sam-
ples were prepared, as when synthesized, oxygen from
the Hg-O layer was extracted as much as possible and
then fluorine was then incorporated. The same doping
with a different a may be due to a different F-O rela-
tion; the sample with smaller a having a higher F to
O ratio. The structural refinements introduced by fluo-
rine incorporation into the Hg-1223 structure can then
provide valuable data in order to assess the structural
sensitivity of the doping mechanism and the origin of the
intrinsic dependence of T M

c .

A simple determination of the pressure sensitivity of
T M

c can be performed using the data from the slope of
the curve represented in Fig. 4 and from the pressure de-
pendence of the structural parameters20. Hence, for pres-

sures up to 10 GPa, we determine that
dT M

c

dP
=

dT M

c

da

d(a)
dP

∼

10 K/GPa, which overestimates the experimental value10

of ∼ 2 K/GPa. It is clear that the variations of the a-
parameter cannot fix solely the value of T M

c . A negative
contribution of an additional parameter should be con-
sidered, which can be possibly related to the increase of
the buckling of the CuO2 layers18,21. The small increase
of dn/dP for sample #1, easily noticed by the fact that a
lower pressure is needed to reach the maximum Tc, may
indicate the proximity of a sudden change of this param-
eter for further doping, as was observed from optimally
to highly oxygenated Hg-1201 samples8.

Therefore, a large pressure-induced overdoping of the
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CuO2 planes can be predicted for the Hg-1223F sam-
ples with a lower a-parameter than that of samples #1
and #2 (a ≤ 3.8496 Å). This is indeed what was ob-
served when a further chemical compression was applied
by increasing the fluorine content in the Hg-1223F struc-
ture18. The overdoping and the chemical difficulties to
produce small a-parameters without increasing the buck-
ling of the CuO2 planes should be overcome in order to
obtain higher Tc’s than those obtained for the Hg-1223F
compound under pressure.

To summarize, we have studied the pressure depen-
dence of Tc for the Hg-1223F compound. In an optimally
fluorine-doped sample we have obtained the highest Tc

ever measured up to now. At an approximately constant

doping concentration, the optimal one, as neatly deter-
mined by our pressure experiments, the T M

c increases
with decreasing the a-parameter as a consequence of the
variation of the fluorine-oxygen ratio. This implies that a
plays a major role on the determination of the supercon-
ducting state of the HTSC. Further experimental results
would be needed to clarify this issue, determining if ef-
fectively uniaxial compressions along the c axis would
produce minor effects on T M

c .
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Abstract

High pressure experiments have revealed that Tc is affected by two main pressure-dependent parameters: the doping

level of the CuO2 planes and by an intrinsic factor. The origin of the intrinsic factor is still unclear as, depending on the

experiment, it is associated with the reduction of the c or the a lattice parameters. F incorporation into the Hg-1223

structure yields an enhancement of Tc up to a susceptibility onset of 138 K, mainly related to a compression of the a

crystallographic axis. We have obtained a new high Tc record (166 K±1.5 K) by applying pressure (23 GPa) in the

fluorinated Hg-1223 superconductor optimally doped. Tc increases with increasing pressure, reaching different maximum

values, depending on the F doping level, and decreases for a further increase of pressure. This saturation of Tc may be the

highest Tc that can be obtained for the cuprates, considering the particular structural characteristics of this system.

� 2004 Elsevier B.V. All rights reserved.

Keywords: Pressure effects; Cuprates; Fluorinated Hg-1223

Many efforts have been devoted in order to under-

stand which are the relevant structural parameters that

determine the superconducting transition temperature

(Tc) of cuprates. There is a clear consensus, based on

structural studies and their correlation with the

appearance of superconductivity, that the highest Tcs

can be reached if n ¼ 3 flat CuO2 planes and small Cu–O

in plane distances (dCu–O ¼ a=2 for flat planes) can be

achieved [1]. Besides, the CuO2 planes should reach an

optimum doping (nop ¼ 0:16), as underdoped and

overdoped samples present a lower Tc, in agreement with

an empirical parabolic law [2] between Tc and the doping

level n (TcðnÞ ¼ T
M
c ½1� bðnop � nÞ2�, with b > 83).

The fluorinated Hg-1223 compound (Hg-1223F)

present all this advantages as a small dCu–O distance can

be achieved with a small CuO2 plane buckling [3]. This

compound reaches a maximum susceptibility onset

(T vac
c ) of 138 K for a dCu–O distance where the oxygenated

samples show a reduction of their Tc.

We have learnt from high pressure experiments,

particularly in the Hg-based cuprate superconductors,

that Tc increases with increasing pressure following a

quadratic dependence which depends on the doping level

of the sample (n), on the pressure-induced charge

transfer (dn=dP ) and on an intrinsic factor (dT i
c=dP ). In

this phenomenological model, pressure increases linearly

the doping level of the CuO2 planes and also increases

T
M
c which is related to the intrinsic term. It can be shown

that [1]:

TcðP Þ ¼ Tc þ fdT i
c=dP þ bðnop � nÞTM

c dn=dPgP

� bTM
c ðdn=dP Þ2P 2 ð1Þ
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Resistance measurements as a function of temperature

were performed on samples prepared as in Ref. [3], with

different fluorine contents labelled #1 (a ¼ 3:8496 �A,

T
vac
c 138 K) and #2 (a ¼ 3:8536 �A, T

vac
c 135 K), fol-

lowing a conventional 4 terminal DC technique,

applying pressures up to 30 GPa by using sintered

diamond anvils in a Bridgman setup and steatite as

pressure medium.

The effect of pressure on a normalized resistance can

be observed in Fig. 1 for sample #1. Similar results are

obtained for samples with other F content. Zero resis-

tance is attained at low temperatures 10–60 K,

depending on the quality of the intergrain coupling of

these ceramic samples. Using the temperature derivative

of the resistance we can define the onset critical tem-

perature (Tco), where derivative departs from its normal

behavior, and a peak transition temperature (Tcp)

determined by the peak of the derivative (see the inset of

Fig. 1). The former criterion, usually dominated by

thermal fluctuations, is the same used in Ref. [4] and

corresponds to the formation of small superconducting

droplets, while the later is mostly related to the

appearance of a bulk superconductivity.

Pressure increases both Tco and Tcp following a par-

abolic law, as can be depicted in Fig. 2. The obtained

values for the transition temperatures are clearly higher

than the ones reported for the non-Fluorinated Hg-1223

samples. In particular, a Tco of 166 K, to our knowledge

the highest ever reported, is obtained for sample #1 at 23

GPa. As can be observed in Fig. 2 a good fit with Eq. (1)

is obtained for TcoðPÞ (solid line). In order to obtain

reasonable parameters (both samples shown here are

near the optimum doping, large variations of dT i
c=dP are

not expected) it was necessary to consider different TM
c

depending on F content, which reflects the increase of Tc

produced by F incorporation. We effectively obtained

that both samples are very near the optimum doping

(n ¼ 0:155), with dT i
c=dP 1.5 K/GPa, and with ðdn=

dPÞ#1
> 1:7
 10�3 holes/GPa and ðdn=dP Þ#2

>
1:6
 10�3 holes/GPa, which are nearly the same values

than for optimally oxygenated Hg-1223.

This small but easily noticeable increase of dn=dP for

sample #1 (as the pressure needed to obtain a maximum

Tc decreases) may indicate the proximity of a sudden

change of this parameter for further doping, as was

observed from optimally to highly oxygenated Hg-1201

samples [5]. Thus, a large overdoping of the CuO2 planes

can be expected for a further chemical compression of

the Hg-1223F structure. The overdoping and the

chemical difficulties to produce small dCu–O without

increasing the buckling of the CuO2 planes should be

overcome in order to obtain higher Tcs than the obtained

for the Hg-1223F compound under pressure.
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Abstract

The new superconductor MgCNi3 with a TC � 8 K is an interesting candidate for non-conventional superconduc-

tivity as it is in the borderline of ferromagnetism. We have performed a systematic study of several samples of this

compound under pressures up to 25 GPa, measuring the electrical resistivity between 1 and 300 K. We observe a slight

increase of the critical superconducting transition temperature at high pressures. Our results are compared with the

evolution under pressure of the calculated electronic band structure.

� 2004 Elsevier B.V. All rights reserved.

Keywords: Pressure effects; Superconductivity

The recent discovery [1] of superconductivity at 8 K

in the intermetallic perovskite MgCNi3 has raised

questions about the origin of superconductivity in this

material. First, it has to be remarked that this com-

pound has the same perovskite structure as many

interesting oxides. Also, as it has a large proportion of

Ni per unit cell, magnetic fluctuations can be expected to

play a role. Most interesting is the fact that the Fermi

level lies in the vicinity of a large peak of the electronic

density of states suggesting that this material is near a

ferromagnetic state, as has be predicted for a hole

doping [2]. The question of unconventional supercon-

ducting is then relevant, though the evidence gathered

up to now is not definitive. In this note we report mea-

surements of the electrical resistivity and the variation of

the superconducting transition temperature (TC) under

pressure.

Four probe d.c. electrical resistivity measurements

were performed in a sintered diamond Bridgman anvil

apparatus. Samples were fabricated as described else-

where [1], and different stoichiometries were measured:

S1 a polycrystal, S2 a powder, S3 a polycrystalline

sample with an excess of Ni and S4 similar to S3 but

without Ni.

On Fig. 1 we have plotted the evolution of TC. We

observe a different value of TC at ambient pressure for

each sample, that can be attributed to a different carbon

concentration [3]. For a lower TC sample a small de-

crease followed by an increase above 2 GPa has been

reported [4] and related to a possible phase transition.

Starting at higher pressures, we observe in our samples a

monotonous increase of TC with pressure. We note that

for all the samples at high pressure d lnTC=dP is practi-

cally the same.

It is known that the standard behavior for s–p

superconductors is a decrease of TC with pressure due

to the pressure stiffening of the lattice. While the
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peculiarities of transition metals can yield an increase of

TC with pressure. In particular, an increase of the density

of states at the Fermi level with pressure. We have done

preliminary Hall constant measurements under pressure.

We have found that the Hall constant seems to be rather

insensitive to pressure with an apparent small increase of

the density of carriers of a few percents [5]. However, the

important parameter for TC is the density of states at the

Fermi level. Thus, electronic density of state calculations

as a function of compression were done using the

method described in Ref. [2]. The results are shown in

Fig. 2. It is clear from the calculations that no sensible

variation of the density of states is expected under

pressure. We conclude that the increase of TC does not

follow from a variation in the density of states at the

Fermi level. Due to the neighborhood of the ferromag-

netic state suggested by the band structure calculations,

we can speculate that the increase of TC could be due to a

reduction of the magnetic character of this material, i.e.

pressure suppression of spin fluctuations, with the con-

comitant strengthening of the superconducting state.

Another possible origin of the increase of TC could be

the vicinity of a structural transition at higher pressures

inducing a phonon softening that would increase the

electron–phonon interaction. In fact, it has been re-

ported from EXAFS measurements that the compound

shows below 70 K a distortion from the perfect cubic

lattice [6]. And ab initio calculations have shown that

numerous phonons can render the cubic perovskite

structure unstable [6]. A study of the evolution of the

structure with pressure is then necessary to clarify this

point.
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We report measurements on MgB2 up to ;40 GPa. Increasing pressure yields a monotonous decrease of the
lattice parameters and of the c/a ratio, but no structural transition down to parameters smaller than those of
AlB2. The transition superconducting temperature also decreases with temperature in a sample-dependent way.
The results are explained by an increase of the filling of the two-dimensional pxy bands with pressure, the Mg
stoichiometry determining the starting position of the Fermi level. Our measurements indicate that these hole
bands are the relevant ones for superconductivity.
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The recent discovery1 of superconductivity in MgB2 at
;40 K gives an unprecedented opportunity to study a high-
temperature superconductor different from the cuprates. Al-
though up to now most of the results point towards a con-
ventional microscopic origin, certain characteristics of the
band structure2–5 suggest similarities with the cuprates. Mag-
nesium atoms yield both electrons to the boron atoms, so we
are in a situation similar to that of graphite, where the pz
orbitals give rise to the p bands responsible for its transport
properties. However, in MgB2 the magnesium ions also
lower the energy of these p bands, allowing the s bands
formed by the pxy orbitals to cross the Fermi surface, fur-
nishing holes that have a strong two-dimensional ~2D! char-
acter. These holes have an unusually strong coupling to the
boron stretching bonds, yielding an intermediate supercon-
ducting coupling strength.6 Besides, it has been shown that
Al doping has drastic consequences on the structure and be-
havior of this material7: the reduction of the c lattice param-
eter from 3.5 Å down to 3.4 Å causes the disappearance of
superconductivity. This suggests that the proximity of MgB2
to a structural instability could be one of the factors enhanc-
ing the superconducting transition temperature (TC). An-
other possibility has been evoked from band structure calcu-
lations: the filling of the pxy bands through electron transfer
from the Al atoms going against superconductivity.5 As
stated in Ref. 8 one of the key parameters to test this hypoth-
esis is obviously pressure. A monotonic dependence of the
structure with pressure has been previously reported, mea-
surements going only up to 8 GPa.9,10 On the other hand, the
pressure results concerning the superconducting transition
reported up to date on MgB2 clearly disagree. High-pressure

quasihydrostatic resistivity measurements (<25 GPa) ~Ref.
11! reported a parabolic or linear decrease of TC with pres-
sure. While hydrostatic low-pressure measurements
(<2 GPa) showed a linear dependence of TC at rates of
21.6 K/GPa ~Ref. 12! or 22 K/GPa ~Ref. 13!, consider-
ably steeper than that of the linear-dependent samples of the
high-pressure measurements, ;20.8 K/GPa.11

Here we perform measurements of TC and of structure
parameters for MgB2 for pressures up to near 40 GP. We
correlate our results to the evolution of the electronic struc-
ture. We illustrate this point by a tight-binding calculation of
the pressure dependence of the relevant bands. We can con-
clude that there is no structural transition, the decrease of TC
with increasing pressure being due to the transfer of elec-
trons from the 3D p bands to the 2D s bands. Within this
picture, the discrepancies in the TC dependence between dif-
ferent samples can be attributed to Mg nonstoichiometry.

Magnesium diboride has the AlB2-type hexagonal struc-
ture, with a53.08 Å, c53.51 Å, space group P6/mmm , and
Z51.14 The atomic positions are Mg at 1a ~0 0 0! and B at
2d ~1/3 2/3 1/2! ~inset of Fig. 1!. The structural arrangement
can be described as the alternate stacking of planes of boron
atoms forming a honeycomb lattice and planes of magne-
sium atoms forming a triangular one. Each Mg atom is at the
center of an hexagonal prism made of boron atoms at a dis-
tance of '2.5 Å. Each boron atom is surrounded by three
other boron atoms, forming an equilateral triangle at a dis-
tance of a/A3'1.78 Å, while the in-plane Mg-Mg distances
are equal to the a parameter.

The samples employed were synthesized by direct reac-
tion of the elements. Starting materials were bright magne-
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sium flakes ~Aldrich Chemical, Milwaukee, WI! and submi-
crometer amorphous boron powder ~Callery Chemical,
Evans City, PA!, lightly mixed in a 0.5-g batch and sealed in
a molybdenum tube under argon. This tube was in turn
sealed in an evacuated quartz ampoule. The material was
heated 1 h at 600 °C, 1 h at 800 °C, and 2 h at 950 °C, and
then lightly ground, to provide sample A. The same powder
was then hot pressed at 10 kbar 1 h at 700 °C to supply the
ceramic sample B. The preparation of sample C was identical
but kept only 1 h at 950 °C, while sample D was prepared
using a tantalum tube heated 3 h at 900 °C. Sample E was
heated 1 h in an Ar/H2 flow.

The electrical resistivity measurements were performed in
a sintered diamond Bridgman reinforced anvil apparatus us-
ing a pyrophillite gasket and two steatite disks as the pres-
sure medium.15 The Cu-Be device that locked the anvils can
be cycled between 1.2 K and 300 K in a sealed Dewar. Pres-
sure was calibrated against the various phase transitions of
Bi under pressure at room temperature and by superconduct-
ing Pb and Bi manometers at low temperature. The overall
uncertainty in the quasihydrostatic pressure is estimated to
be 615%. The pressure spread across the sintered diamond
anvils was previously determined on Pb manometers to be
about 1.5–2 GPa depending on the applied pressure. The
temperature was determined using a calibrated cernox ther-
mometer with a maximum uncertainty ~due mainly to tem-
perature gradients across the Cu-Be clamp! of 0.5 K. Four-
probe electrical resistivity dc measurements were made using
a Keithley 2182 nanovoltmeter combined with a Keithley
220 current source and by using platinum wires to make
contact to the sample.

The equation of state of MgB2 was determined up to
'39 GPa by angle-resolved x-ray diffraction at the high-
pressure beamline ID30 of the European Synchrotron Radia-
tion Facility. The MgB2 powder from sample A was loaded

into a membrane-driven diamond anvil cell with diamond
tips of diameter 300 mm and stainless-steel gasket with hole
of 120 mm. Nitrogen was used as pressure transmitting me-
dium in order to keep good hydrostatic conditions. The pres-
sure was determined by the ruby fluorescence method16 with
a precision of 0.1 GPa. X-ray powder diffraction patterns
were recorded every '3 GPa by angle-resolved x-ray dif-
fraction using a focused monochromatic beam at wavelength
l50.3738 Å. The x-ray signal was averaged over the whole
sample area with a 30-mm-diam pinhole. The diffraction pat-
terns were recorded on a Mar345 image plate detector lo-
cated at 360 mm from the sample. They were analyzed using
the software package FIT2D.17 The sample-to-detector dis-
tance and the image plate inclination angles were precisely
calibrated using a silicon standard located at the sample po-
sition. After removal of spurious peaks, the corrected images
were averaged over 360 ° about the direct beam position,
yielding intensity vs 2u diffractograms. These data were ana-
lyzed by the Rietveld technique using the FULLPROF ~Ref.
18! software. The peak shape was modeled with a pseudo-
Voigt function. Cell and profile parameters and an overall
thermal parameter were refined at each pressure. On increas-
ing pressure, phases of solid molecular nitrogen also
appeared.19 These phases were taken into account by the cell
constraint refinement technique. The data could be success-
fully fitted with the AlB2-type structure up to the highest
pressure investigated, '39 GPa. The variable overlap of the
MgB2 Bragg peaks with those from the different phases of
molecular N could lead to some inaccuracy in the determi-
nation of the MgB2 cell parameters under pressure. There-
fore, the MgB2 cell parameters were also directly determined
from the angular positions of the strong and well-defined
reflections ~110! and ~101!. The results found by both meth-
ods were in excellent agreement.

Figure 1 shows the observed p(V) dependence; the line is
the fit using Vinet’s equation of state:20

p53B0
~12 f n!

f n
2 expF3

2
~B0821 !~12 f n!G ,

where f n5(V/V0)1/3. The variable of the least-squares fit
were B0 , B08 , and V0, representing the bulk modulus, its
derivative, and the cell volume at room pressure, respec-
tively. The obtained values were B05150(5) GPa, B08

54.0(3), and V0529.00(4) Å3 @V0 is in agreement with
the 28.99(1) Å3 value reported in Ref. 14#. The pressure
variations of the lattice parameters and c/a are shown in Fig.
2. Both cell parameters decrease monotonically with increas-
ing pressure. No sign of structural transition is seen. It is
worth noting that the Rietveld refinements did not indicate
the presence of a structural change for MgB2 in the whole
pressure range investigated. The c/a ratio decreases linearly
up to 38.9 GPa, with a slope of 21.331023 GPa21. As
predicted theoretically by Loa and Syassen,21 the compres-
sion is more isotropic than expected for a layered system.

Figure 3 shows the evolution of TC with pressure for five
samples of MgB2. We add, for comparison, the rates reported
by Lorenz et al.12 and Saito et al.,13

21.6 K/GPa and
22 K/GPa, respectively. Clearly they give different behav-

FIG. 1. Absolute and relative volume pressure dependence of
MgB2. Inset: structure of MgB2; small ~big! spheres are boron
~magnesium! atoms. The coordination polyhedron of Mg atoms is
shadowed.
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iors: samples A, B, and E follow a quadratic dependence
starting with a small slope of 20.35 K/GPa, while samples
C and D have a linear decreasing rate but with a weaker
slope than those obtained in the quoted references. It is true
that those measurements have been done in hydrostatic ap-
parata ~2 GPa! while ours are performed in a quasihydro-
static anvil system. However, the spread even among our
samples shows that there is an intrinsic reason for those dif-
ferences.

The differences in the behavior of the resistance of our
samples correlate with the TC pressure dependences. The
samples that are metallic at all temperatures and pressures
have a steeper TC pressure dependence than those that dis-
play upturns in the resistivity at high pressures. It can be
argued that the temperature dependence of the resistivity
may be affected by the powder nature of the sample. How-
ever, four of our five samples are powder samples and only
half of them are totally metallic.

The important point is that the TC pressure dependence
normally constitutes an intrinsic parameter, not affected by

the powder, ceramic, or monocrystalline nature of the
sample. An example is the case of high-temperature super-
conducting cuprates,22 where the differences in TC pressure
dependences among different groups have been tracked
down to intrinsic effects, such as oxygen ordering23,24 or
doping.25,26 The observed differences for MgB2 should then
not be neglected as spurious results, but a search for the
hidden parameter explaining them in a coherent manner is
necessary.

We would like to point out that the issue of nonstoichi-
ometry, which has been neglected up to now, should be cru-
cial in this material. The control of the Mg concentration is
difficult at the temperatures at which the samples are synthe-
sized. The band structure is complex, with different bands
crossing the Fermi level. Mg defects will alter the occupancy
of these bands, besides being scattering centers for off-plane
carriers.

In Fig. 4 we simulate the pressure dependence of these
bands by adapting the tight-binding model used for
graphite,27 and fitting it to the MgB2 electronic structure ob-
tained from first principles.2 Details will be given elsewhere.
As in Ref. 3 the hopping parameters are scaled with the
inverse of the square of the lattice parameter variation. If we
consider that the compression of c is stronger than the one of
a ~experimentally the c/a ratio has decreased 4% at 35 Gpa!,
and thus we take the last one as constant, only the 3D pz
bands will change with pressure. Therefore the most impor-
tant variation will be their shift to higher energies. The con-
sequence of this will be the electron transfer of electrons
from these p bands to the pxy(s) bands. The decrease of TC
with pressure can then be attributed to this filling, these 2D
bands resulting as the relevant ones for superconductivity.

According to Fig. 2 of Ref. 5, for the stoichiometric ma-
terial the Fermi level falls just on the verge of a steep de-
crease of the density of states of these hole bands. A shift of
the Fermi level to higher energies will cause a decrease of
the density of states of these carriers and the observed de-
crease of TC . Though here the exact Mg concentration could
not be determined due to the very small sample size ~quan-
titative work on this matter is in progress!, we can expect
that with the Mg deficiency the Fermi level will be in the

FIG. 2. Pressure dependence of the lattice parameters of MgB2.

FIG. 3. Pressure dependence of the superconducting transition
temperature of MgB2. Circles: sample A. Squares: sample B. Tri-
angles: sample C. Inverted triangles: sample D. Diamonds: sample
E. The solid ~dashed! line is the slope reported in Ref. 12 ~13!.

FIG. 4. Tight-binding calculation for the relevant bands of
MgB2 around the Fermi level. The dashed line corresponds to c
compression ~35 GPa!.
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flatter region of the 2D band. In this case pressure will not
produce a strong effect ~samples A, B, and D!. Instead for
more stoichiometric samples ~samples C, D, and the data
from Refs. 12 and 13!, the compression-induced shift will
cause a more dramatic decrease of TC .

In conclusion we have shown that the lattice parameters
of MgB2 monotonously decrease with pressure up to 40 GPa.
Although we have attained smaller lattice parameters than
for AlB2, we do not observe a crystallographic transition.
The pressure dependence of TC can be naturally explained

by considering that the 2D pxy holes are the driving carriers
for superconductivity. Furthermore, the structural instability
that has been found on Al substitution is also probably the
result of the complete filling of the pxy bands, which can be
expected in MgB2 at even higher pressures. Finally, the sys-
tem should be extremely sensitive to Mg nonstoichiometry;
finding a way to control this nonstoichiometry may be the
simplest way to a higher TC .
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Pressure Dependence of the

Superconducting Transition

Temperature of Magnesium

Diboride
M. Monteverde,1 M. Núñez-Regueiro,1* N. Rogado,2 K. A. Regan,2

M. A. Hayward,2 T. He,2 S. M. Loureiro,2 R. J. Cava2

We studied the pressure and temperature dependence of the electrical
resistivity of the superconducting compound magnesium diboride (MgB2).
The superconducting transition temperature decreases monotonically with
pressure, being parabolic or linear, depending on samples. The rate of
decrease under pressure is higher than in conventional superconductors. We
discuss our results in terms of the semimetallic character of the electronic
band structure of MgB2.

For decades, the limit of electron-phonon–

driven superconductivity in metals was

thought to be ;30 K (1, 2) as a consequence

of the energies of the phonons involved in

the conventional Bardeen-Cooper-Schrieffer

(BCS)–Eliashberg formulation of supercon-

ductivity, which are of the order of 400 K.

The present record holders do not actually

challenge this thought: High-temperature su-

perconductivity in cuprates is now considered

to be due to other electronic mechanisms (3),

and the superconducting transition tempera-

ture of hole-doped C60 (Tc 5 52 K) will

probably require a different theoretical

framework that is adapted to its cluster nature

(4). The question about the limit of metallic

superconductivity is the reason why the re-

cent discovery of superconductivity at ;39 K

(5) in MgB2 has generated such excitement in

the condensed matter physics world: Does it

push the limit of conventional superconduc-

tivity, or is the superconductivity based on a

different mechanism? Two recent theoretical

papers propose opposing scenarios. From

band structure calculations, Kortus et al. (6)

affirm that MgB2 represents the first known

case of metallic boron. Because the boron

atoms have a light mass, we obtain a metal

with very high phonon frequencies, ;700 K.

Coupled to a strong electron-phonon interac-

tion, this would indeed yield the observed

high Tc. In addition, the isotope effect mea-

surements (7) support the apparent conven-

tional BCS nature of superconductivity in

MgB2. On the other hand, the band structure

is complex, because both two-dimensional

(2D) and three-dimensional (3D) bands orig-

inating from pxy and pz orbitals, respectively,

are present at the Fermi level. Hirsch (8)

remarks that the presence of 2D pxy holes

suggests a mechanism analogous to that of

superconducting 2D cuprates.

Studies of superconducting materials un-

der pressure are useful for elucidating super-

conducting behavior as well as for seeking

out new phases. A recent example is the

discovery of superconductivity (9, 10) at ;14

K in the AlB2 phase of CaSi2, the highest

ever obtained in silicides. Also, it is at high

pressure that the highest superconducting

temperatures have been observed in Hg-1223

(11–13). We report the results of resistivity

measurements of MgB2 at pressures up to 25

GPa in order to study the pressure depen-

dence of the superconducting transition and

the phase stability of the AlB2 structure type

for this material.

The samples employed were synthe-

sized by direct reaction of the elements.

Starting materials were bright magnesium

flakes (Aldrich Chemical, Milwaukee, Wis-

consin), fine aluminum powder (Alfa Inor-

ganics, Beverly, Massachusetts), and sub-

micrometer amorphous boron powder

(Callery Chemical, Evans City, Pennsylva-

nia). Starting materials were mixed in a

half-gram batch and sealed in a molybde-

num tube under argon. The molybdenum

tube was in turn sealed in an evacuated

quartz ampoule. The sample was heated for

1 hour at 600°C, 1 hour at 800°C, and 2

hours at 950°C, and then lightly ground.

This material provided powder sample 1.

The same powder was then hot-pressed at

10 kbar for 1 hour at 700°C to supply

ceramic sample 2. The preparation of sam-

ple 3 was identical to that of sample 1 but

was heated for only 1 hour at 950°C,

whereas sample 4 was prepared by using a

tantalum tube heated at 900°C for 3 hours.

Four-probe dc electrical resistivity mea-

surements were performed in a sintered dia-

mond Bridgman anvil apparatus, with a py-

rophillite gasket and two steatite disks as the

pressure medium. The pressure spread across

the sintered diamond anvils was previously

determined on lead manometers to be ;1.5 to

2 GPa, depending on the applied pressure.

Before cell charging, we performed ac

susceptibility characterization of the samples.

The powder employed had a very sharp tran-

sition measured by ac susceptibility. In sam-

ple 1, we observed a maximum onset transi-

tion temperature of 38.5 K, with a slight

(,0.3 K) splitting of the ac susceptibility x0
peak, indicating the presence of some small

sample inhomogeneity. The sintered sample

2 showed a similar splitting with a higher

onset temperature of 39.5 K but a much larger

transition width. Sample 3 had several tran-

sitions, starting at 38.8 K, whereas sample 4

had only one transition, at 38.6 K

In analyzing the electrical resistivity mea-

surements (Fig. 1), we take into consideration

that these measurements have been made on

the powder sample and that as very high

pressures are being applied, sintering of the

powders takes place. The transformation of a

poorly connected powder to a sintered pow-

der can alter the temperature dependence of

the sample’s resistance. In general, the de-

crease in resistance is due to the better cou-

pling between the sintered grains. We ob-

served a decrease of the resistance with pres-

sure that can, most probably, be attributed to

this effect. An increase of carriers or a de-

crease of the electron-phonon scattering rate

may also play a role.

The resistance of sample 1 at low pres-

sures displays metallic behavior at high tem-

peratures, with a minimum at ;150 K (T* on

1Centre de Recherches sur les Très Basses Tempéra-
tures, CNRS, BP166 Cedex 09, 38042 Grenoble,
France. 2Department of Chemistry and Materials In-
stitute, Princeton University, Princeton, NJ 08544,
USA.
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Fig. 1. Temperature dependence of the electri-
cal resistance of MgB2 powder sample 1 for
several pressures. T* marks the beginning of
the upturn in the resistance (open circles, 1.8
GPa; solid squares, 3 GPa; triangles, 6.8 GPa;
crosses, 10.5 GPa; diamonds, 14 GPa; inverted
triangles, 17 GPa; open squares, 21 GPa).
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Fig. 1), and thermally activated behavior be-

low. As the pressure is increased, the temper-

ature range of the activated regime increases,

and above 10 GPa, the metallic dependence

of the resistivity is not seen below 300 K. The

minimum does not appear to correspond to a

distortive phase transition, as the logarithmic

derivative of the resistance, normally used to

detect electronically driven phase transitions

(14), does not show any peak or anomaly.

The activated behavior also does not appear

to be the result of grain boundary scattering:

If it were due to the powder nature of the

sample, it should become less important with

pressure instead of becoming more pro-

nounced. On the other hand, the behavior of

mixed metal-insulator powder samples should

follow (15) the law ;exp[2(C/kBT )21/2],

where C is a constant and kB is Boltzmann’s

constant. We did not see this dependence in

any temperature region for our sample. All

this seems to indicate that the activated be-

havior of sample 1 is, at least partly, intrinsic.

Looking at the dependence of the super-

conducting transition with applied pressure

(Fig. 2), we found that the width of the

transition does not increase with pressure,

indicating that the two slightly different Tc

values observed in the ac susceptibility vary

with the same pressure rate. To obtain the Tc

values, we calculated the temperature deriv-

ative of the resistance: Tc-onset is the point at

which the derivative starts to increase. Tc

decreases monotonically with pressure and

has a parabolic dependence for samples 1 and

2 and a linear dependence for samples 3 and

4 (Fig. 3). It is instructive to compare our data

with those of the highest Tc borocarbide (16),

YPd5B3C0.3. The superconducting transition

temperature decreases (17) in the borocar-

bide with a rate of 0.29 K/GPa up to 22 GPa

(Fig. 3). Although for MgB2 the slope of the

samples with linear dependence is consider-

ably steeper, –0.8 K/GPa, the initial rate (up

to ;7 GPa) for the other samples is 0.35

K/GPa and, at higher pressures (P), follows a

purely quadratic dependence, Tc 5 38.6 K –

0.0263 K/GPa 3 P2. These rates fall within

the high range of Tc pressure dependence of

superconducting metals (18).

According to the band structure calcula-

tions, a dilatation of the lattice (6) should

increase Tc through an increase of the density

of states due to band narrowing. Pressure

should have the opposite effect, and thus, the

decrease of Tc is in accordance with band

calculations. However, the thermally activat-

ed behavior of the resistivity under high pres-

sures of samples 1 and 2 cannot be simply

explained. A rigid band approach supposing

band widening would imply a drifting away

from band edge localization effects and a

more metallic behavior under pressure.

Along these lines, a structural transition un-

der pressure seems more plausible. Because

of the layered nature of the AlB2 structure,

we expect an anisotropic compression of the

structure. The stiff “graphitic” boron layers

should be barely compressible, whereas com-

pression along the c direction should be more

facile. As in the case of the hexagonal graph-

ite-diamond transformation, our pressure

range may be sufficiently high to allow the

interaction between different boron layers

and the structural transformation toward an-

other, probably insulating, phase. However, a

structural transformation at high pressures

cannot explain the low-pressure behavior, un-

less local distortions of the high-pressure

phase are present as defects on the ambient

pressure AlB2 lattice. On the other hand, the

vicinity of structural instabilities in phase

space is known to favor high transition tem-

peratures within conventional electron-pho-

non mechanisms (19).

The difference behavior of Tc may be

attributed to the particular nature of the band

structure of MgB2. Because there are differ-

ent sets of bands crossing the Fermi level

with a semimetallic character (thus yielding

three different type of carriers), we can ex-

pect a large sensitivity to defects or magne-

sium nonstoichiometry. The quadratic depen-

dence of Tc with pressure suggests a compar-

ison of MgB2 to the high-temperature cuprate

superconductors (HTSCs) (20). It seems as if

pressure is changing the carrier concentration

in MgB2 in a manner similar to that observed

in HTSCs: In other words, the application of

pressure would decrease (increase for

HTSCs) the carrier concentration. We can

speculate that, as a result of the probable

anisotropic compression, the pz 3D bands will

widen at a stronger rate under pressure than

will the pxy bands. A gradual transfer of holes

from the pxy bands to the pz band can then

gradually occur under pressure. The decrease

of Tc with pressure would then be related to

the loss of pxy holes under pressure. Within

this line of thought, the steeper linear behav-

ior of samples 3 and 4 seems to indicate that

these samples have a different degree of dop-

ing that is equivalent to a higher starting

pressure.

The change from decreasing to increasing

behavior of the resistivity at T* was observed

in both sample 1 (Fig. 1) and sample 2 (Fig.

4) but not in samples 3 and 4, which show a

metallic behavior at all pressures and temper-

atures. The unusual behavior may be due to

pretransitional behavior, like a pseudogap as

in underdoped HTSCs. The pressure depen-

Fig. 2. Detail showing the resistance supercon-
ducting transition for several pressures (open
circles, 1.8 GPa; solid squares, 3 GPa; triangles,
6.8 GPa; crosses, 10.5 GPa; diamonds, 14 GPa;
inverted triangles, 17 GPa; open squares, 19
GPa; solid circles, 21 GPa).

Fig. 3. Pressure dependence of the supercon-
ducting transition temperature Tc-onset for
MgB2 (circles, sample 1; squares, sample 2;
triangles, sample 3; inverted triangles, sample
4). The pressure dependence for yttrium-palla-
dium-boron-carbon ( Y-Pd-B-C) measured in
the same apparatus (diamonds) is taken from
(17 ). The pressure gradient is 2 GPa, and the
transition widths range from 5 to 10 K. The
solid line is the purely parabolic fit of the
Tc-onset of MgB2 samples 1 and 2, the dotted
line is the linear fit of the Tc-onset of sample 3,
and the dashed line is the linear fit of the
Tc-onset of the Y-Pd-B-C sample.

Fig. 4. Temperature dependence of the electri-
cal resistance of the MgB2 sintered ceramic
sample 3 for several pressures. T* marks the
beginning of the upturn in the resistance. For
the first pressure (right scale), there is no up-
turn (circles, 1.8 GPa; squares, 15 GPa; triangles,
25 GPa; diamonds, 26 GPa).
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dence, T* increasing with decreasing Tc, is

the expected one for such a pseudogap. But

the values of T* are different for the two

samples. Other processes, such as localiza-

tion by defects, most likely are in play, be-

cause in underdoped cuprates the value of the

characteristic energy T* does not change sub-

stantially between different samples (21).
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Experimental Verification of a

Negative Index of Refraction
R. A. Shelby, D. R. Smith, S. Schultz

We present experimental scattering data at microwave frequencies on a struc-
tured metamaterial that exhibits a frequency band where the effective index
of refraction (n) is negative. The material consists of a two-dimensional array
of repeated unit cells of copper strips and split ring resonators on interlocking
strips of standard circuit board material. By measuring the scattering angle of
the transmitted beam through a prism fabricated from this material, we de-
termine the effective n, appropriate to Snell’s law. These experiments directly
confirm the predictions of Maxwell’s equations that n is given by the negative
square root of εzm for the frequencies where both the permittivity (ε) and the
permeability (m) are negative. Configurations of geometrical optical designs are
now possible that could not be realized by positive index materials.

Refraction is perhaps one of the most basic of

electromagnetic phenomena, whereby when a

beam of radiation is incident on an interface

between two materials at an arbitrary angle,

the direction of propagation of the transmit-

ted beam is altered by an amount related to

the indices of refraction of the two materials.

Snell’s law, arrived at by requiring that the

phase of the incident and transmitted beams

be the same everywhere at the interface, pro-

vides the quantitative relation between the

incident and refractive angles (u1 and u2,

measured from the refraction interface nor-

mal) and the indices of refraction of the

media (n1 and n2), having the form

n1sin(u1) 5 n2sin(u2). A refracted ray is thus

bent toward the normal (but never emerges

on the same side of the normal as the incident

ray) upon entering a naturally occurring ma-

terial from air, as most materials have n . 1.

Refraction forms the basis of lenses and im-

aging, as any finite section of material with

an index differing from that of its environ-

ment will alter the direction of incoming rays

that are not normal to the interface. Lenses

can be designed to focus and steer radiation

for a wide variety of applications and are of

use over a large range of wavelengths (e.g.,

from radio to optical).

Although all known naturally occurring

materials exhibit positive indices of refrac-

tion, the possibility of materials with negative

refractive index has been explored theoreti-

cally (1) and the conclusion presented that

such materials did not violate any fundamen-

tal physical laws. These materials were

termed “left-handed” (LHM), and it was fur-

ther shown that some of the most fundamen-

tal electromagnetic properties of an LHM

would be opposite to that of ordinary “right-

handed” materials (RHM), resulting in un-

usual and nonintuitive optics. A beam inci-

dent on an LHM from an RHM, for example,

refracts to the same side of the normal as the

incident ray. Furthermore, it was predicted

that the rays from a point source impinging

on a flat, parallel slab of LHM would be

refocused to a point on the opposite side of

the material. Recently, analysis of this situa-

tion produced the observation that such a

planar slab, if of suitable index, can produce

a focus with subwavelength resolution, beat-

ing the normal diffraction limit associated

with positive refractive index optics (2).

The fabrication and measurement of struc-

tured metamaterials having a range of fre-

quencies over which the refractive index was

predicted to be negative for one direction of

propagation were reported recently (3). An

extension of this structure to two dimensions

was subsequently introduced and predicted to

exhibit an isotropic, negative index in two

dimensions (4). These structures use split

ring resonators to produce negative magnetic

permeability over a particular frequency re-

gion (5) and wire elements to produce nega-

tive electric permittivity in an overlapping

frequency region (6). When the permittivity,

ε, and permeability, m, of a material are

simultaneously negative, one must choose the

negative root of the index of refraction given

by n 5 6=εm/ε0m0 (ε0 and m0 are the

free-space permittivity and permeability, re-

spectively) (1, 2, 7). Although the recent

transmission experiments and simulations (3,

4) on LHMs demonstrated the presence of a

left-handed propagation band, the experi-

ments presented here directly confirm that

LHMs do indeed exhibit negative refraction.

The LHM sample used in the experiments

presented here (Fig. 1) consists of a two-

dimensionally periodic array of copper split

ring resonators and wires, fabricated by a

shadow mask/etching technique on 0.25-mm-

thick G10 fiber glass circuit board material.

After processing, the boards were cut and

assembled into an interlocking unit, from

which a prism-shaped section was cut for the

beam-deflection experiments.

To determine the refractive index, we

measured the deflection of a beam of micro-

wave radiation as the beam passed through

the prism-shaped sample. In this refraction

experiment (Fig. 2), the prism-shaped sam-

ples were placed between the two circular
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